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ABSTRACT
Effect of Evapotranspiration Rate on Almond Yield in California
Dafne Isaac Serrano
Since 2011, California has been under drought conditions. These conditions have
not only affected water availability for farmers, but also production. California’s second
most valuable crop, almonds, has been affected by drought conditions. This study used
three models (Model 1-3) to describe almond yield variability from year to year and
almond yield variability within a year in Kern County, CA. The study evaluated 185
almond farms that were classified in three locations (east side, west side and north west
side). The years of the study were 2011 (wet year) and 2013-2015 (drought condition
years). Model 1 determined a functional regression between almond yield and annual
evapotranspiration during the 4 years of the study. The R2 was 7.9%, meaning low
association between both variables and high unexplained variability (92.1%). Model 2
evaluated year to year variation. A regression function between almond yield and annual
evapotranspiration after adjusting for location, precipitation, chilling hours and year was
made. The R2 of this model 62.6%, and all the variables used had a p<0.05. The R2 was
higher than Model 1; however, there was high unexplained variability (47.4%). Model 3
evaluated within-year variation. A regression function between almond yield and annual
evapotranspiration after adjusting for tree age and location (east, west and northwest side)
was made for each year (2011 and 2013 -2015). Coefficient of variation of
evapotranspiration and soil available water storage were analyzed as additional variables
in Model 3; however, they were not introduced in Model 3 due to the low increase in R2
in each year (<2%). The R of Model 3 for each year were, 60.4%, 49.7%, 53.8% and
2
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53.2% for the years 2011, 2013-2015, respectively. Model 3 also had high unexplained
almond yield variability in each year (39.6%-50.3%). This high unexplained variability
leads to introduce additional variables to the functional regression model for further
studies. Identifying these additional variables and having a functional regression model
with high R2 would lead to understand how low evapotranspiration could potentially lead
to a positive response on yield in drought conditions; thus, making farmers improve water
use efficiency and hence, lowering production cost. However, the high unexplained
variability clearly indicates that evapotranspiration is only one of many factors that
influence yield. If improved yield is an important outcome, future studies must examine
large- scale almond-producing farms with multiple agricultural system variables.
Keywords: Evapotranspiration, tree age, drought condition year, wet year, coefficient of
variation of evapotranspiration, chilling hours and almonds.
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CHAPTER
1. INTRODUCTION
1.1 Statement of Research Question
The amount of water a crop requires during its growing season can be determined
by calculating evapotranspiration rate. In any agricultural region, evapotranspiration (ET)
rate is affected by climate, crop characteristics, crop management and agricultural
practices.
Within California’s agricultural regions, there is a wide spectrum of microclimates, allowing for the production of a diversity of crops (Allen et al. 1998). One of
these micro-climates is the Mediterranean climate, prevalent in the Central Valley,
making it an ideal region for almond production. Almond production in California,
represents 19% of total farm on cash receipts, making it one of the most important crops
for the state economically.
During the previous two decades, technical advances in agricultural practices-including pruning, fertilization and irrigation scheduling--helped farmers improve water
management relative to non-drought years, and enabled them to achieve higher yields
(Steduto et al. 2012). Since 2011; however, California has experienced severe drought
conditions, greatly affecting water availability for farmers. Thus, almond farmers have
had to be highly efficient with water use.
The overall research goal was to determine the effect of climate and agricultural
practices on almond yield in California.
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1.2 Importance of the project
Crop production is limited by the amount of water a crop receives. Water can be
applied by irrigation or occur by rainfall. During the past decade, water demand has
increased worldwide due to climate change (Steduto et al. 2012). This increase in water
demand has made water supply considerably more expensive. Therefore, farmers have
adopted new irrigation scheduling techniques to be efficiently use water resources. This
irrigation scheduling is based on calculating crop evapotranspiration (Doll 2014).
Moreover, Doorenbos and Kassam (1979) developed a model based on their
discovery of a positive linear relationship between evapotranspiration (ET) and yield.
This equation identifies the optimal evapotranspiration rate that would maximize yield
with the minimum amount of water applied, resulting in higher water use efficiency and
higher income compare to conventional production (Burt and Mutziger 2001).
During the past decade’s drought, California’s almond industry was frequently
blamed, in the mass media, for excessive--and unsustainable—water use (Robin 2015).
What such reporting failed to calculate; however, was that the increase in crop yield had
in fact overtaken the increase in applied water per unit of land (Goldhamer and Fereres
2017a). In 2014, California’s average almond yield was 2150 lbs/acre compared with 980
lbs/acre and 680 lbs/acre in 1980 and 1960, respectively (USDA 2011; Almond Board of
California 2015). These results demonstrate that a functional relationship between yield
and evapotranspiration can help determine the amount of water used to produce a pound
of almonds.
Cal Poly’s Irrigation Training and Research Center (ITRC) (2017) developed a
regression model to show a relationship between ET and yield of almonds in California’s
2

Central Valley for the period 2011-2014. The model; however, did not show any
relationship between these two factors. This study also measured plant density and tree
age as factors that could potentially affect almond yield; however, these factors did not
help explain variability found in yield.
However, Goldhamer and Fereres (2017) found a high correlation (R2= 97.9%)
between ET and almond yield in California. They reduced the water applied in order to
reduce ET and they found that the crop load of the tree did not change by the amount of
water applied. The individual kernel dry weight; however, did in fact change with
different irrigation regimes.
Goldhamer and Salinas (2006), did not find a significant difference in almond
yield, when reducing the amount of applied water. In addition, the individual kernel dry
weight also did not change when the applied water was reduced. Notably, every treatment
had a significant difference in both yield and kernel dry weight compared to the control
treatment, which had no reduction in water applied.
In the long term, if a low evapotranspiration rate leads to a positive response on
yield in drought conditions, then farmers could improve water use efficiency and hence,
lower the production cost. A potential long-term outcome of this thesis study was to
reduce the amount of water needed to produce a pound of almonds. Implementing this
practice will help not only almond growers, but also environmental conservation, by
reducing the water use in agriculture.

3

1.3 Issues and Assumptions
Evapotranspiration rate and yield are affected by different variables, including
environmental conditions and agricultural practices. This study was limited to the
assessment of the influence of the evapotranspiration (ET) rate, coefficient of variation of
ET, tree age, and soil available water storage on almond yield. It was assumed that
almond growers provided an accurate planting date to calculate tree age. Also, beyond
the scope of this study was the measurement of the amount of water evaporation during
the dormant season—November to March. Given that almond trees end their dormant
season at the end of March; this study measured evapotranspiration from April to
October.
The evaluation of how different agricultural practices, such as fertilizer input,
pruning techniques and cover crops affect almond yield or evapotranspiration were also
not the focus of this study; likewise, measurement of salt accumulation in each field and
the salinity of the irrigation water were not studied
As reference, it was assumed that the data gathered from the California Irrigation
Management Information System (CIMIS) weather station would represent the microclimate in each of the fields evaluated. Also, it was assumed that the ET data and soil
extracted from Arcgis 10.5.1 (ESRI, 2017) have a high accuracy. It was beyond the
study’s resources to measure on farm ET by a direct method.
Kernel yield (meat yield or nut yield) data were provided by farmers; it was
assumed that each farmer provided accurate kernel yield data after processing total yield.
It was beyond the study’s resources to conduct a comparison of individual kernel dry
weight to yield or evapotranspiration.
4

1.4 General Approach
This study constituted both applied and analytical research because it determined
the type of relationship between almond yield and evapotranspiration after adjusting for
tree age, coefficient of variation of ET rate and soil available water storage. This study
was carried out in California’s Central Valley, specifically in Kern County, with farmers
in that area.
The type of data utilized in the study was empirical data. Evapotranspiration rate
was gathered with satellite imagery using ITRC-METRIC software, with data collected
for the years 2011, 2013-2015. As referenced, kernel yields were provided by farmers.
Soil data was gathered from Natural Resources Conservation Service Soil Survey
Geographic database (NRCS-SSURGO). Cumulative chilling hours and precipitation
parameters were collected by CIMIS stations close to each field. Data were synthetized to
find the relationship between ET and almond yield after adjusting for chilling hours,
precipitation, coefficient of variation of ET, soil available water storage and tree age.
Three functional regression models were used to synthetize data. These models
were developed to describe the variability in almond yield. Model 1 described the
relationship between evapotranspiration and almond yield, it did not use any additional
variables to adjust evapotranspiration. Model 2 described year-to-year variation in which
the parameters location, precipitation and chilling hours were used to adjust the effect of
ET on almond yield. Model 3 described within-the-year variation in which the variables
tree year, soil available water storage, and coefficient of evapotranspiration were used to
adjust the effect of evapotranspiration on almonds yield.

5

Finally, the objective of this study was to evaluate almond yield in California, and
the effect of the California drought and ET as the main two factors that have had a
significant influence on almond production during the years 2011, 2013-2015.
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2. LITERATURE REVIEW
2.1 Introduction
Almonds are the second most valuable crop in California, with an on farm value
of $4.35 billion (Sumner et al. 2015). A significant cost associated with California
almond production is irrigation. Indeed, irrigation represents 5% of the total production
cost for almonds.
The amount of water required by almonds and other crops can be estimated by
evapotranspiration (ET) (Almond Board of California 2016). Evapotranspiration is the
process by which evaporation and transpiration remove water from the land surface and
the plant, respectively (Allen et al. 1998). The optimal amount of water required by a
crop is, however, more than the potential ET rate of the crop (Barrett and Skogerboe
1980). Thus, the yield is a function of the amount of water applied and water use by the
crop.
Imagery software is used to measure actual ET in large scale farms. Software such
as Surface Energy Balance Algorithm for Land (SEBAL) or Mapping Evapotranspiration
at High Resolution with Internalized Calibration (METRIC) are commonly employed for
this function (Allen and Trezza 2007). Actual ET is affected by numerous factors such as
the physiological stage of the almonds, tree age and soil type. Therefore, it is important to
understand the factors that influence water use in almond production.
Actual ET has a linear effect on almond yield (Doorenbos and Kassam 1979;
Steduto et al. 2012). However, not only actual ET effects almond yield: some other
environmental factors, including chilling and heat requirements, precipitation and soil
type influence this as well (Rafael Socias i Company and Gradziel 2017). The
7

combination of ET and environmental factors will not only impact total production but
also will have an impact on nut quality as well (Doll 2017a).
Since 2011, almond production in California was affected by drought conditions,
these conditions not only affect the water availability for almond growers but also
affected physiological process in almond trees. One of these processes is ET, which is
highly dependent on atmospheric condition and soil conditions. Deficit irrigation (DI)
techniques might help mitigate drought conditions without compromising yield; however,
further research is needed to observe the long-term effect of DI on almond trees.
2.1.1 Almond production in California
In 2014, almonds represented about 25% of California farm exports and the
almond industry generated approximately 104,000 jobs in the state. In 2013, the number
of almond bearing acres in California reached 840,000 acres. Moreover, almond yields
have steadily increased over the last century (Sumner et al. 2015). (Figure1)
Figure 2.3: Annual California Almond Acreage and Yield per Acre, Crop Year 1919-2013
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Between 2008-2018, yields and almond planted acres have increased
exponentially but data ended at 2013. Over the last five years, however, yields have been
on a slight decline, which may be associated with California’s drought.
2.1.2 California Drought
Along with a reduction in precipitation, the California drought has caused an
increase in average temperature since 2011 (Richman and Leslie 2015). The part of the
state most effected is the Central Valley (Figure 2). This is also where the greatest
concentration of almond production takes place. In 2014, more than 420,000 acres were
idle. The direct impact to agriculture was a loss of $1.5 billion. Part of this loss in
revenue was associated with drilling wells for groundwater supply, which increased
production costs. The total value for groundwater pumping was $447 million in 2015
(Cody and Brougher 2015).

9

California now faces ~ 6 months of low rainfall, in keeping with its Mediterranean climate. The upcoming 2015-16
cool/wet season is critical to ameliorating the drought, and it is possible that the developing El Niño conditions in
the equatorial Pacific Ocean will bring relief from the drought as, in the past, strong El Niño conditions commonly
have prevented, limited or ended drought conditions.

Fig. 1. USDA drought assessment for California 28 July 2015 (released 30 July 2015).

Figure 2. California drought monitor map in 2015 (Excerpted from Richman and Leslie 2015)

A wide spectrum of strategies that might help mitigate drought conditions have
been studied (Egea et al. 2010; Goldhamer and Fereres 2017b; Goldhamer et al. 2006;
García-Tejero et al. 2015; García-Tejero et al. 2018; Espadafor et al. 2018 ). Some of
these studies have examined the effect of the reduction of the amount of water applied to
almond trees. Others measured the direct impact of water reduction on almond yield, and
water use efficiency. Adapting agricultural production to drought conditions would
require actual implementation these studies’ findings, followed by further research into
yield improvement with better water use efficiency.
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2.2 Evapotranspiration
2.2.1 Introduction
The amount of water a crop requires can be determined by calculating
evapotranspiration rate (ET). Evapotranspiration uses weather data and algorithms that
describe climatic factors along with crop physiological stage. Most agricultural fields
resemble each other to some extent so that the variables used to determine ET, plant
density, height, and water availability are generally uniform. This makes the calculation
of ET straight forward (Allen and Pereira 2011).
Calculating the ET for a crop requires several components. The first is potential
evapotranspiration or evapotranspiration of the reference crop (ETo). The second
component is crop coefficient (Kc). Equation [1] estimates ET for a specific crop.
[1]
𝐸𝑇𝑐 = 𝐸𝑇𝑜 𝑥 𝐾𝑐

To calculate ETo climate factors are used. Most of the data required are obtained
through weather station measurements in calculations using the FAO Penman-Monteith
Formula (Allen et al. 2006). As such, the ETo may be different depending on geographic
region and current weather conditions.
The crop coefficient (Kc) takes into consideration the physical and physiological
differences between crops. For calculating the Kc, there are two methods: The first
method is a single relationship between the crop evaluated and the ETo. With this
method, it is assumed that the crop is not under any environmental stress. The second
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method splits Kc into evaporation (Ke), transpiration (Kcb) and crop stress (Ks). The
formula of Kc in the second method is defined as (Allen et al. 1998) Equation [2].
[2]
𝐾𝑐 = (𝐾𝑠 𝑥 𝐾𝑐𝑏) + 𝐾𝑒
where:
Ks: is crop stress; this value cannot be higher than 1
Kcb: Basal crop coefficient; this value does not consider stress and soil evaporation
Ke: Soil evaporation; this value depends on soil moisture.
For calculating ET, the second method is more accurate than the first, because the
evaporation rate changes between irrigations. These changes are due to less soil tension
after an irrigation event; therefore, increasing the potential evapotranspiration rate.
Before the next irrigation, the evapotranspiration potential decreases because the soil
tension is higher. This method is affected by the frequency of irrigation events as well as
the type of irrigation system being utilized (Allen et al. 1998).
Calculating the amount of water a crop requires during a growing season is
essential to maximizing its yield. Indeed, in some stages of growth, water is the main
factor determining yield. For example, crop yield is highly dependent on water use during
the reproductive stage of growth (Kato and Yamagishi 2008). Studies have shown that
there is a linear relationship between evapotranspiration rate and yield. It should be noted
that studies are based on optimal agricultural practices and optimal orchard management
to have the highest possible yield (Steduto et al. 2012).
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2.2.2 Satellite-Based Energy Balance for Mapping Evapotranspiration with Internalized
Calibration (METRIC)
Estimating ET and using it as a parameter for irrigation scheduling is common in
the Central Valley. Growers usually plan their irrigation schedule after making
calculations based on the equation for estimated ET proposed by Allen et al. 2006 (Eq.
2). But instead of an estimated ET, the actual ET can be measured with remote sensing
data. Remote sensing data is an indirect type of ET measurement, because it is found by
the average of a relationship between parameters (Bastiaanssen and Bos 1999; Rana and
Katerji 2000).
One of the firsts methods of ET measurement was Surface Energy Balance
Algorithm for Land (SEBAL). This algorithm follows a set of equations to convert
spectral radiances into ET. SEBAL uses spatially distributed, near-infrared and thermal
infrared data, usually coming from satellite imagery. The most common satellite imagery
software used by SEBAL is Landsat (Bastiaanssen 2000). These spatial distributed data
are gathered pixel by pixel, producing an accurate measurement of ET of the field.
Mapping Evapotranspiration at High Resolution with Internalized Calibration
(METRIC) is another method in which remote sensing with surface energy balance is
used to measure actual ET. Mapping Evapotranspiration at High Resolution with
Internalized Calibration is based on SEBAL, and uses the same technique for estimating
the surface temperature gradient as an index function of radiometric surface temperature
(Allen et al. 2007).
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In addition, METRIC auto calibrates and uses alfalfa as its reference crop; and
follows the process in which ET is estimated using an energy balance equation. Equation
[3].
[3]
𝐸𝑇 = 𝑛𝑒𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 − ℎ𝑒𝑎𝑡 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑜𝑖𝑙 – ℎ𝑒𝑎𝑡 𝑡𝑜 𝑡ℎ𝑒 𝑎𝑖𝑟
Allen et al. (2007) compared METRIC with the lysimeters technique to measure
ET. Researchers have made studies in which they compared both methods. The
difference between ET results rendered by the two techniques was relatively small--less
than 4%--making METRIC an accurate method for ET measurement. On the other hand,
while using METRIC software, Chavez and Howell (2007) found errors as high as 15%
for high biomass vegetation and as high as 9% for lower biomass-higher temperature
surface. However, one of the drawbacks of using METRIC in California is that the
reference crop used by the CIMIS stations is grass. One of the major disadvantages about
METRIC is that the spatial image is taken every 16 days. Thus, the ET measured will be
biased depending on when the irrigation event had happened (Howes and Gaudi 2012).
For the METRIC system to be more accurate to California conditions, the
Irrigation Training and Research Center (ITRC) made different modifications to
METRIC, including changing alfalfa to grass as the reference crop and using LandSat 8
software for higher resolution imagery. In LandSat 8, each pixel can represent an area of
30 meters by 30 meters (Howes and Gaudi 2012).
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2.2.3 Crop coefficient (Kc) on almonds
Climate change and California drought have prompted researchers look for a
more precise technique to estimate almond water requirements relative to the direct on
farm ET method. An important component of the formula for calculating the almond
water requirement is the crop coefficient (Kc). For almond crop irrigation scheduling, Kc
reported in the FAO Irrigation and Drainage Paper. No. 56 is commonly used.
Previously the FAO reported that the Kc for almond trees during their flowering
stage is 0.9, being the highest Kc for all the growing season (Allen et al. 1998). However,
recent studies (Steduto et al. 2012) have shown, that Kc values cannot be applied to
current climatic conditions and certain new agricultural practices, including higher tree
densities, better nutrient management and shorter irrigation frequency compared to
traditional practices. And in fact, Steduto et al (2012) reported a Kc as high as 1.08 and
Goldhamer and Fereres (2017) reported a Kc as high as 1.17.
Other factors cause an increase in Kc values as well: Kc values reported in FAO
Irrigation and Drainage Paper No. 56 were calculated using surface irrigation. This type
of irrigation system utilizes a greater time interval between irrigation events, thereby
reducing the evaporation rate. Drip/micro irrigation, which by contrast uses a shorter
interval between irrigation events, leads to higher evaporation rate and therefore, a higher
Kc value.
2.2.4 The Physiological Stages of Almond Growth
Crop coefficient (Kc) depends on a given crop’s physiological stage (Allen et al.
1998). Almond is a deciduous tree, meaning it has a dormant stage, in which none or
little transpiration occurs. In the northern hemisphere, dormancy occurs from late
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October to mid-February (Doll 2009; Steduto et al. 2012). After dormancy, the flowering
and leaf budding stages commence, causing transpiration to begin. Transpiration will
occur until fruit maturation. In the northern hemisphere, the transpiration period usually
occurs from Mid-March to September-October (Steduto et al. 2012).
Flowering and leaf budding stages determine the maximum potential of fruit
production. Because these two physiological processes are happening at the same time,
there is a competition for carbohydrates (Steduto et al. 2012). Esparza et al. (2001) found
that previous year irrigation and fertilization also had an impact on the maximum
potential of almond fruit production.
Kester and Labavitch (1996) classify fruit growth into three stages. Figure 3
shows each growth stage during a production cycle in the northern hemisphere. Each
physiologic stage would have a different crop coefficient (Kc). Many studies have
determined monthly Kc value (Table 2).
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Figure 3. The three stages of almond fruit development and the typical length and weight of the fruit at each stage.
Adapted from the UC Almond Production Manual, 1996 and Annual growth cycle of almond Adapted from almond
s botany production and uses 2017.
Table 1. Estimates of the monthly crop coefficients (Kc) determined for almond orchards. Adapted from Water Scarcity
and Sustainable Agriculture in Semiarid environment. 2018.

Month

FAO 56a

GOL89b

GIR06c

SAN12d

GT 15e

GF16f

Mar
Apr
May

0.40
0.57
0.84

0.54
0.63
0.76

0.40
0.65
0.80

0.88
1.01
1.02

0.55
0.90

0.20
0.75
0.95

Jun
Jul
Aug
Sep
Oct

0.90
0.90
0.90
0.90
0.75

0.85
0.96
0.94
0.92
0.83

0.92
0.96
1.05
0.82
0.60

1.09
1.14
1.08
1.08
0.96

1.05
1.15
1.05
0.80
0.70

1.10
1.15
1.17
1.12
0.87

Nov

0.65

0.70

0.40

0.85

-

-

a

Allen et al. (1998): Values for orchards without ground cover crop using the reported lengths of crop
development stages for California and Mediterranean regions.
b
Goldhamer (1996): Values for mature trees without cover crop, in the San Joaquin Valley (1700lbs/ac 2250 lbs/ac)
c
Girona (2006): Values derived for mature trees with yield of 1600 lbs/ac, irrigated with microsprinklers
and with ground cover crop during the summer season. Method of ETc calculation: soil-water balance.
d
Sanden et al. (2012): Values for mature, high-yielding ( 4000 lbs/ac) almond trees irrigated with
microsprinklers without ground cover crop. Method of ETc calculation: eddy covariance technique.
e
García-Tejero et al. (2015): Values derived for drip-irrigated 4-year-old trees without ground cover crop.
Method of ETc calculation: soil-water balance using drainage lysimeters.
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f

Goldhamer and Fereres (2017): Values derived for mature, high-yielding ( 3500 lbs/ac) trees irrigated
with microsprinklers without ground cover crop. These values are not exactly Kc, but irrigation coefficients
(ICs) calculated as the ratio of water applied to ETo.

Stage 1 of fruit growth concerns development and formation involving the growth
of the hull and shell. Stage 1 starts after just after dormancy; hence the almond tree does
not yet have sufficient leaves to begin essential physiological processes--principally
photosynthesis. Crop coefficient (Kc) values during stage 1 are low (<0.8) (Doll 2017a).
Stage 2 begins after the full growth of the hull and shell, and continues through
the full development of the kernel, when the shell starts to harden. It is important to
consider this stage as one of the most sensitive growth stages. If water demand is not
satisfied during this period, it can cause splitting of the shell (Kester and Labavitch
1996). This stage normally lasts for a month; in the northern hemisphere, usually from
May to June (Figure 3). Crop coefficient (Kc) values in stage 2 are from 0.8-1.0,
dependent upon different climate and management conditions (Table2).
Stage 3 is the last stage of fruit growth and is complete when the full formation of
the fruit has finished. During this time, the kernel begins to store carbohydrates and starts
gaining weight. The kernel separates from the hull and shell. In the northern hemisphere,
this stage generally starts in early June and lasts until the end of the season (October). Kc
values are the highest in during this final growth stage (Doll 2017a) (Table 2).
2.2.5 Soil
Soil has the capacity to retain water that will be available for plants (Allen et al.
1998). Soil moisture content in the upper layer determines evaporation from the soil.
Many crops have most of their roots in the upper soil layers. Thus, most of the
transpiration and water extraction is done in the upper layers (Campos et al. 2016).
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Plant physiological processes are not effected by soil moisture when the soil
moisture content is close to field capacity (Laio et al. 2001). If the soil moisture content
decreases to a critical point, evaporation from the surface layer and transpiration will be
effected (Campos et al. 2016): Calculating evaporation from the soil is based on soil
moisture content and soil properties. If there is a reduction in soil moisture, the amount of
evaporation will decrease.
Evaporation is estimated by the amount of energy available in the surface layer of
the soil (Allen and Pereira 2009). The maximum amount of water that can evaporate
depends on soil physical and chemical characteristics and soil-water characteristics
(Allen et al. 1998). These include soil hydraulic properties, tillage, soil temperature, and
wetting characteristics (Allen et al. 2005). For calculation purposes, evaporation from soil
is divided in two stages: an energy limiting stage and a falling rate stage. To calculate
evaporation, a surface layer depth of 0.10 meters and a minimum soil moisture content of
0.5 of the wilting point (Table 2) is used (Allen et al. 2005).
The two stages of evaporation described by Allen et al. (1998) are considering
saturated conditions. During Stage 1, evaporation is limited by the energy availability in
the soil surface, this is dependent on ambient temperature prior irrigation or precipitation.
The heat store in soil prior to the wetting event may contribute to the available energy
(Allen 2011). Stage 1 ends when hydraulic properties of the upper soil become the
limiting factor to evaporation at a constant rate (Allen et al. 2005).
Stage 2 begins once the readily evaporable water has evaporated; the amount
ranges from 5 – 12 mm depending on the soil texture. During stage 2 the evaporation of
soil surface moisture decreases as the water stored within the soil decreases (Allen et al.
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2005). Stage two also depends on hydraulic properties of the soil because evaporation is
conditioned by the flux of water in the upper layer of the soil (Allen 2011). The equation
proposed by Allen et al. (1998) states that total evaporation is limited to water held to the
soil beyond 50 percent of the wilting point.
Plant transpiration is effected by atmospheric demand, soil water potential and
hydraulic conductivity (Kool et al. 2014). Soil moisture available for transpiration is
defined by the fraction of transpirable soil water (FTSW) (Fuentealba et al. 2016). The
FTSW has different thresholds depending on the soil type (Sadras and Milroy 1996).
Sadras and Milroy (1996) found the FTSW threshold point for coarse soils was
higher (0.72) compared to fine soils (0.43). Allen et al. (1998) described that the fraction
of available water holding capacity depleted before evapotranspiration is reduced as
Readily Available Water (RAW). The RAW differs from crop to crop in the same soil. It
is important to consider that soil characteristics also effect the RAW. For example, RAW
for sandy soils is lower if compared to clayed soils of the same depth (Table 2).
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Table 2. Typical Soil Water Characteristics for Different Soil Types (Adapted from FAO-56, Allen et al. 1998).

Soil Type
(USDA soil
texture
classification)

Soil water characteristics

Evaporation parameters
Amount of water that can be
depleted by evaporation

Sand
Loamy sand
Sandy loam
Loamy sand
Silt loam

FC
m3/m3
0.07-0.17
0.11-0.19
0.18-0.28
0.20-0.30
0.22-0.36

WP
m3/m3
0.02-0.07
0.03-0.10
0.06-0.16
0.07-0.17
0.09-0.21

FC−WP
m3/m3
0.05-0.11
0.06-0.12
0.11-0.15
0.13-0.18
0.13-0.19

Stage 1
mm
2-7
4-8
6-10
8-10
8-11

Stage 1 and 2
mm
6-12
9-14
15-20
16-22
18-25

Silt

0.28-036

0.12-0.22

0.16-0.20

8-11

22-26

Silt clay loam
Silty clay
Clay

0.30-0.37
0.30-0.42
0.32-0.40

0.17-0.24
0.17-0.29
0.20-0.24

0.13-0.18
0.13-0.19
0.12-0.20

8-11
8-12
8-12

22-27
22-28
22-29

Note: =volumetric weight; FC=field capacity; WP wilting point.
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2.3 Almond Yield
2.3.1 Introduction
Almond production is mostly concentrated in two countries: The United States
and Spain together account for around 68% of the global production of almonds. The
USA contributes 62% of total global production with an average yield of 4960 pounds
per acre and Spain contributes 6% with an average yield of 1940 pounds per acre (Table
3) (FAO 2015). California produces a full 100% of total US almond production (USDAERS 2016). The high yields obtained in the US are largely a result of favorable
environmental conditions and intensive agricultural practices, which include high water
and fertilization inputs (Gradziel and Socias i Company 2017).
California production is focused in the San Joaquin Valley. The main production
counties are: Fresno, Kern, Madera, Merced and Stanislaus. These counties have an
average production above 50000 US tones per year (Almond Board of California 2016) .
Drought conditions have made irrigation costs increase in the San Joaquin Valley. Thus,
there is a trend in almond production towards producing in the Sacramento Valley
because of lower ET and lower irrigation costs (Gradziel 2017).
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Table 3. Almond production top 10 countries for year 2015. Production includes almond shells. (Adapted from FAO
data).

Country
USA
Spain
Iran
Morocco
Syrian Arab Republic
Turkey
Italy
Australia
Algeria
Tunisia
Worldwide

Production
(US ton)
2,207,644.53
223,040.50
162,991.01
124,209.51

Area
(Acres)
890,000.55
229,807.65
229,807.65
395,412.48

Yield
(pounds/acre)
4,961.00
1,941.11
1,418.50
628.25

97,930.41
93,696.43
82,214.76
80,360.68
72,857.25

270,372.41
73,318.52
143,597.66
76,886.72
99,837.83

724.41
2,555.87
1,145.07
2,090.37
1,459.51

67,240.97
3,543,161.54

452,128.02
4,446,698.95

297.44
1,593.61

2.3.2 Environmental Requirements
Almonds are usually produced in Mediterranean climates. The California Central
Valley’s climatic conditions epitomizes those characterizing this type of climate: rainy
winters, with mild frost duration, and hot dry summers (Kester and Ross 1996). These
conditions are essential, given that temperature during the winter will affect the duration
of dormancy and the blooming date of almonds (Egea et al. 2003). And rain will affect
yield if it occurs during pollination or harvesting stages of almonds (Alonso 2017).
2.3.2.1 Chilling and Heat Requirements
The beginning of the blooming stage depends on two main factors: low
temperature during endodormancy, and high temperature during ecodormancy.
Accordingly, chilling requirements affect the length of endodormancy and heat
requirements affect the length of ecodormancy (Figure 4). (Lang et al. 1987; Luedeling et
al. 2009).
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Because low temperature is the main factor affecting endodormancy, to break
endodormancy, almond trees need exposure to a certain amount of chilling hours
(Campoy and Egea 2011). If these chilling hour requirements are not met, yield may be
negatively impacted (Luedeling 2012). For calculating exposure to chilling hours, chill
accumulation models are utilized; those most often used are: the number of hours below
45 F, the number of hours between 32-45 F, and Utah model (Byrne and Bacon 1992).
These models estimate cumulative chilling requirements in chilling units (CU).
Egea et al. (2003) found a wide range of chilling requirements for almonds, from
266 CU to 996 CU. On the other hand, Alonso et al. (2005) found chilling the
requirement for almonds falls between 400-600 CU. Both of these studies were made in
Spain. Studies made in Chile found that the chilling requirements ranged from 200-400
CU (Ramírez and Reginato 2010). Once the chill accumulation is met, endodormancy is
broken.
Once endodormancy is fulfilled via chilling requirements, ecodormancy begins
(Lang et al. 1987). In order to break ecodormancy, almond trees need exposure to higher
temperatures, this is known as heat requirements. For measuring heat requirements the
Growing Degree Hour (GDH) model is used (Anderson and Kesner 1986). By definition,
the GDH is a sequential accumulation of the temperature by hour above the base
temperature. Egas et al. (2003) found a range from 5900-7438 GDH are required to fulfill
ecodormancy, while Alonso et al. (2005) found more variability (5500-9300).
Ecodormancy is considered completed when 50% of the flowers are blooming.
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Figure 4. Dormancy breaking of reproductive buds and flowering in almond referenced to the phenological stages as
described by Felipe (1977). Adapted from Lang et al. (1987), Luedeling et al. (2009) and Prudencio and Dicenta
(2018).

2.3.2.2 Rains
Rains are an essential factor in non-irrigated almond orchards. Rain will have an
impact on yield if it occurs during the blooming stage (Dorfman and Heien 1988). During
this stage, rain will suppress anther dehiscence and insect cross pollination reducing
blossom. Alston et al. (1997) found a negative correlation between rainfall in February
and yield. Furthermore, a high incidence of fungal disease often occurs if rains occurs in
the blooming season, promoting fungal diseases including: Monilinia Laxa, Botrytus
cinereal and Sclerotinia scletotiorum (Palacio-Bielsa et al. 2017).
Excessive rains prior to the spring will saturate the soil. Doll (2017a) found that
yellow trees syndrome is a symptom of high soil moisture due to saturated soil (Doll
2017b). Saturated soil reduces the amount of oxygen in the soil killing fine roots. Also,
saturated soils promote the development of fungal diseases. Almond trees are most
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sensitive of the indehiscent fruit to Phytophthora (fungal disease) (Gradziel and Kester
1996).
For almonds, harvesting season usually occurs during late summer or early fall. If
rains occurs in the start of the harvesting season, harvest efficiency is reduced (Alonso
2017). Harvest-season rains can also activate the vegetative growth of the tree, increasing
potential damage to the trunk caused by the vibrations of the shaking machine which is
most commonly used to harvest the fruit (Connell et al. 1996). Indeed, irrigation—which
has the same effect as rains – is reduced three weeks prior to the start of the harvesting
season to prevent tree injury due to mechanical vibration.
2.3.3 Soil
2.3.3.1 Physical Characteristics
Almond trees have better yield when they are grown in loam-textured, deep and
uniform soil compared to compacted clayed soils (Fulton et al. 1996). These ideal
conditions allow almond roots reach a length of as much as 3 meters (Alonso 2017).
Fulton et al. (1996) found differences in yield by changing the soil structure using
different tillage methods to promote root growth. In claypan soils, using a moldboard
tillage method, he found a yield of 1433 lbs/acre, compared to 1009 lbs/acre without
using any tillage method. These two resulting yields can be compared with the
conventional ripper tillage method, where the yield was 1120 lbs/acre.
In almonds, about 75% of all the roots are found in the first three feet of the soil
layer. Roots can spread as wide as 15 meters (Catlin 1996). Directly impacting root
growth are soil physical characteristics, in particular: soil texture, soil depth and degree
of saturation (Alonso 2017).
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Ravina and Magier (1984) found that clayed soil--with its characteristic slow
drainage and limited aeration-- negatively impacts yield. On the other hand, sandy soils
have larger pores compared to clay, which facilitate aeration and water movement
through the soil, promoting root growth.
The drawback with sandy soils is the available water holding capacity and the
cation exchange capacity: both of these characteristics are relatively low compared to
clayed soils (Arquero 2013). Therefore, irrigation intervals have to be shorter to avoid
water stress. Low cation exchange capacity makes frequent fertilization necessary with
sandy soil, with low input to avoid fertilizer leaching.
2.3.3.2 Salinity
Almonds have low salt tolerance (Ottman and Byrne 1988). Evidence shows that
salt accumulation in the soil causes symptoms of water stress--even if the soil moisture
content is adequate (Fulton et al. 1996). Further data published by Mass and Hoffman
(1977) is still used to determine percentage of yield reduction due to salinity in water and
in soil on almond production (Table 4).
Table 4. Salinity threshold and their reduction in yield for almond. Adapted from Mass and Hoffman (1977) and Fulton
et al. (1996).

Salinity (dS/m)
Average root zone
Irrigation Water

100
<1.5
<1.1

Percent of full yield potential
99-40
1.5-4.8
1.1-3.2

<40
>4.8
>3.2

Salinity also significantly effects water uptake and almond yield (Zrig et al.
2016). Franco et al. (2000) compared different salinities in irrigation water: a lower
salinity water (0.8 dS/m), to higher salinity water (4.26 dS/m). A decrease of 46.5% in
yield was found when high saline water was used.
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In related findings, Phogat et al. (2018) reported that almond water uptake
decreased by 10% when salinity of the irrigation water was 1.9 dS/m, compared to
0.78dS/m. This study’s soil salinity had an average range of 2.4-3.7 dS/m. This range is
above the salinity threshold that Mass and Hoffman (1977) described (Phogat et al. 2018)
for adequate yield (Table 4).
In summary, the aforementioned salinity studies have shown that salinity affects
not only water uptake (Phogat et al. 2018), but also yield (Franco et al. 2000). Phogat et
al. (2018) found that even if salinity levels in the soil were constant, water uptake was
affected. Under these high salinity conditions, a reduction of evapotranspiration is
expected.
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2.4 Deficit-Irrigation Strategies for Drought Conditions.
2.4.1 Introduction.
With climate change and water scarcity conditions, new practices have been
promoted in agricultural areas to reduce water use with almonds and other crops. The
term to describe these drought mitigating practices is Deficit Irrigation (DI). There are
three DI techniques--each with a different approach--that have been used over the past
few years. These are: regulated deficit irrigation (RDI), sustainable deficit irrigation
(SDI) and partial root drying (PRD) (García-Tejero et al. 2018). The sustainable deficit
irrigation (SDI) technique reduces the water applied below the ETc through all the
growing season making the crop adapt to these conditions. Regulated deficit irrigation
(RDI) on the other hand, reduces the water applied during growth stages where the crop
is less sensitive to water scarcity compared to reproductive stage (Alcon and Nortes
2013). Partial root drying (PRD), the third technique, regulates plant response to drying
soil by the root-to-shoot relationship, making the crop feel stress; thus, reducing the
amount of water uptake.
The next area of focus is plant physiological response to water scarcity
conditions, including transpiration. One way in which almond trees decrease transpiration
is by closing their stomata. This has a direct impact on water uptake; therefore, a
subsequent reduction of growth and photosynthesis is expected.
Espadafor et al. (2017) found that transpiration in almonds is highly sensitive to
water deficit. However, there was not a statistical difference between transpiration
efficiency during the day, for non-stress water conditions and stress water conditions on
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almonds. Transpiration efficiency on almonds is highly dependent on vapor pressure
deficit.
2.4.2 Deficit Irrigation techniques
In almond production, the Regulated Deficit Irrigation (RDI) technique is often
employed during the kernel-filling period. Mañas and Lopez-Urrea (2014) found that
there was not a statistical difference in yields between RDI and SDI methods. The SDI
treatment produces 23% less yield than the fully irrigated treatment. Regulated deficit
irrigation produces 33% less yield than the fully irrigated treatment as well. The water
reduction in both of these treatments were above 50%, compared to the fully irrigated
treatment. (Mañas and López-Urrea 2014).
Lopez-Lopez et al. (2018) found that there was not a statistical difference between
RDI and SDI in almond ET. The ET in both of the treatments decreased by 21%
compared to the fully irrigated treatment. They also reported that in a more severe stress
condition, using the RDI method, the ET decreased by 34.4% compared to the fully
irrigated method. This study did not evaluate yield (López-López et al. 2018).
Egea et al. (2010) compared PRD with RDI. The PRD method used three
treatment parameters--70%, 50% and 30% respectively--of total ET to irrigate. The RDI
method used a parameter of 50% of total ET. There was no statistical difference between
the PRD’s 70%, 50% and RDI 50% treatment parameters, in almond yield. Indeed, the
PRD and RDI treatments showed a decrease of approximately 16% in yield compared
with the fully irrigated method. In addition, Egea et al. 2010 reported that partial root
drying (PRD) technique with 30% of total ET resulted in a decrease of 30% in yield.
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Furthermore, partial root drying requires more manual labor, making it unfeasible for
large scale production.
Goldhamer and Salinas (2006) found higher almond yield using the SDI
technique compared to RDI. Nevertheless, when RDI was applied during pre-harvesting
season, fruit density increased, and there was a reduction of tree canopy. Therefore, this
technique could lead to higher tree densities in orchards management. A reduction in tree
canopy could reduce the spacing between trees in each row; thus, it can be assumed that
yield could potentially be increased.
Notably, Goldhamer and Salinas (2006) used the RDI technique during the postharvesting season, with high water stress conditions (55% and 70% of ET) which resulted
in lower almond yield compared to RDI in pre-harvesting season and SDI.
Different financial feasibility studies have been done comparing SDI and RDI.
These types of studies have been conducted in Spain (Alcon and Nortes 2013; García et
al. 2004) and in California’s San Joaquin Valley (Goldhamer and Fereres 2017a). Each of
these studies propose DI techniques as an alternative to fully irrigated condition. It must
be noted, however, that these studies were not made with current climate conditions, or
drought conditions.
2.4.3 Conclusion
Almond production in California represents an important component of the state
agricultural economy. Beyond the almond orchard and farm context itself, there is a
complex industry that produces large amounts of revenue.
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Since 2011, for environmental and economic reasons, California growers were
pressed to adapt agricultural practices due to water scarcity. And drought conditions have
indeed made farmers more efficient with the use of water resources.
Further research should focus on decreasing water use in almond production
without affecting yield. For better management of physiological stress due to water
scarcity, it is essential to identify crop physiological behavior; these include tolerance
thresholds and finding the breaking point where yield would be compromised (GarcíaTejero et al. 2018).
Further studies should examine long-term effects of DI methods on almond
production prior to implementing their use, to prevent potential irreversible damage to
almond orchards when these techniques are used (García-Tejero et al. 2018) as
significantly, none of the studies reviewed have had a duration period of longer than five
years. Also, none of these studies were conducted with young almond trees. Evaluating
the difference in SDI and RDI, the effect in the long-term use on young almond trees will
be essential to identifying the best method to use in almond production.
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3. METHODOLOGY & PROCEDURES
3.1 Study Area
This study gathered data from farms in Kern County, in California’s Central
Valley, where agriculture is the primary industry and most lucrative sector of the
economy. In 2014 alone, agricultural commodities in the county exceeded more than $7.5
billion. Grapes are Kern County’s main product, making up 25% of total agricultural
commodity: Kern’s second most important crop is almonds, which constitutes 23% of
total agricultural commodities (Almond Board of California 2016).
In 2017, Kern County had the most planted almond acreage in California
(150,000 acres), representing approximately 18% of total planted area of California
almond production (California Department of Food and Agriculture 2018). In addition,
Kern County ranks first among all counties in almond production, with 19% of
California’s total almond crop, producing more than 100 million pounds per year (Figure
5) (Almond Board of California 2016).
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Figure 5. Almond producing counties in California (production expressed in million pounds). Excerpted from Almond
Board of California 2016.

Kern County is located at the southern end of the San Joaquin Valley. It covers an
area of 8,161.42 square miles. Due to its geographical location, lying between the Coast
Range to the west and the Sierra Nevada to the east, Kern County developed a variety of
soil orders, discussed below.
The United States Department of Agriculture Natural Resource Conservation
Service (USDA-NRCS) divided the survey of Kern County in four zones, depending on
cardinal location (NW, NE, SW, and SE) (Figure 6). According to the division made by
the USDA-NRCS, fields evaluated in this study were located in the northwestern zone of
Kern County where data were gathered during the years 2011, 2013-2015. The total
number of analyzed fields were 185.
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Figure 6. Field sites (east, west and northwest side) analyzed in this study and CIMIS station locations used in this
study in the Kern County-northwestern part, CA. Kern County division based on the survey made by the United States
Department of Agriculture with the Natural Resource’s Conservation Service (USDA-NRCS).

3.1.1 Climate
The northwestern zone of Kern County (Figure 7) is located at the southern end of
the San Joaquin Valley, covering an area of 2144 squares miles. Located between the
Sierra Nevada and the Coast Range, altitudes within the northwestern part vary
considerably (180 ft-4332 ft), and this, along with effect of the adjacent mountain ranges,
endowed this area with a wide spectrum of climatic conditions and microclimates. The
Sierra Nevada to the east stores water in the form of snow during the winter, and then
makes this water available during the late spring and early summer. Despite this, the
overall climate is considered to be arid to semiarid (USDA-NRCS 1988).
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The wet season is considered to be from October through April. During these
months, the average cumulative precipitation ranges from 5-12 inches (during non-drought
years) depending on the location within the northwestern zone. Winters are usually mild,
foggy and semi-humid. On the other hand, summers are generally warm and dry, with
temperatures exceeding 100 °F during the day. These conditions resemble Mediterranean
conditions, which represents optimal climatic conditions for almond production (USDANRCS 1988).

Figure 7. Field sites (east, west and northwest side) analyzed in this study and CIMIS stations location used in this study.
Kern County North Western part, CA. Division made by the NRSC-USDA survey.

Because climate conditions were not the same across the 185 (often noncontiguous)
fields analyzed during the four years of this study. Within the northwest zone, fields were
divided according to their distance from the closest CIMIS station. Thus, there were three
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locations: a northwest, west, and east side-- each location with its own CIMIS station
(Table 5). The CIMIS station closest to a given field was used to gather weather data on
precipitation and chilling hours.
On the east side, however, data from two CIMIS stations were used, the reason
being that CIMIS station Shafter #5 did not have data for 2012 (Figure 7). Therefore, the
CIMIS station Famoso #138 was used for that year. For the remaining years of the study,
on the east side, an average of the precipitation and chilling hours between CIMIS station
Shafter #5 and Famoso #138 data values were used.
Table 5. CIMIS station names and identification numbers, and number of fields in each location of the study in the
Northwestern portion of Kern County, CA.

CIMIS Station
Number Fields

East Side
Shafter #5
Famoso #138

West Side
Belridge #146

North West Side
Blackwells Corner #54

78

97

10

3.1.1.1 Precipitation
CIMIS stations employ five different sensors to collect weather data and these
data are stored in data loggers to be analyzed. Once analyzed, the data were stored in a
database server where it became available over the internet. For collecting precipitation
data by the CIMIS stations, a tipping-bucket rain gauge was used. The CIMIS stations
measured precipitation data in inches. Cumulative precipitation was obtained from the
CIMIS station closest to each field. Cumulative precipitation for this study was gathered
during the wet season (October of previous to April of the year evaluated).
Precipitation within the first of the locations of consideration--the east side-changed drastically from 2011 to the period between 2013 and 2015 (Figure 8). Year
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2011 was considered a wet year due to its high precipitation (10.2 inches).
Between 2013 and 2015 precipitation decreased 75%, 81%, and 61% respectively.
California experienced drought conditions during in these years (Leslie and Richman
2015).

Preicipitation (icnhes)

10
Precipitation (inches)

8
6
4
2
0
2011

2013

Year

2014

2015

Figure 8. Precipitation data in inches for the east side location, data gathered from CIMIS Station Shafter #5 and
Famoso #138, for the months October-April in 2011 and 2013-2015.

Precipitation in the west side--second location of the NW zone studied here--also
diverged markedly from 2011 to the period between 2013 and 2015 (Figure 9). Here, as
well, year 2011 was considered a wet year due to its high precipitation (9.02 inches).
Between 2013 and 2015 precipitation decreased to 79%, 88% and 80%, respectively,
constituting drought conditions. Of all areas considered, the west side had the most
significant decrease in precipitation from a wet year (2011) to drought years (2013-2015).
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Figure 9. Precipitation data in inches for the west side location, data gathered from CIMIS Station Belridge #146, for
the months October-April in 2011 and 2013-2015.

The third location considered, the north west side of Kern County showed a
similar trend from 2011 to the period between 2013 and 2015 (figure 10). Year 2011 was
considered a wet year due to its high precipitation (6.54 inches). Between 2013 and 2015
precipitation decreased by 62%, 66% and 66%, respectively, as California experienced
drought conditions. The northwest side had the lowest precipitation in a wet year relative
to all the other study location (6.54 inches).
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Figure 10. Precipitation data in inches for the northwest side location, data gathered from CIMIS Station Blackwells
Corner #54, for the months October-April in 2011 and 2013-2015.

3.1.1.2 Chilling Hours
Cumulative chilling hours data were provided by the Fruit and Nut Research and
Information Center (2018), a service of the University of California Davis, Division of
Agriculture and Natural Resources, which gathered this information from CIMIS stations
(Figure 7). This service provides the three most common methods used to measure
cumulative chilling hours (as described earlier in Chapter 2). Utilized in this study was
the cumulative chilling hours below 45°F method, which counts the number of hours
below 45°F, considering each hour a chilling unit (CU). In this study, chilling hours data
were gathered via this method for the period from November 1st to February 28th only
during the years 2011, 2013, 2014 and 2015
The east side location had a cumulative chilling hours mean of 1113 CU.
Comparing a wet year (2011) to drought condition years (2013-2015) no trend between
wet/drought year and number of cumulative chilling hours was observed (Figure 11).
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Figure 11. Cumulative chilling hours data in CU for the east side location, data gathered from CIMIS Station Shafter
#5 and Famoso #138, for the months November-February in 2011 and 2013-2015.

The west side location had a cumulative chilling hours mean of 999 CU.
Comparing a wet year (2011) to drought condition years (2013-2015), no trend between a
wet year and number of cumulative chilling hours (Figure 12) was observed. However,
there was a considerable decrease in year 2015 (<1000 CU).
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Figure 12 Cumulative chilling hours data in CU for the west side location, data gathered from CIMIS Station Belridge
#146, for the months November-February in 2011 and 2013-2015.

The northwest side location had a cumulative chilling hours mean of 1023 CU.
Comparing a wet year (2011) to drought condition years (2013-2015) no trend between
these and cumulative chilling hours was observed either (Figure 13). Nevertheless, the
years 2014 and 2015 had cumulative chilling hours of less than 1000 CU.
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Figure 13. Cumulative chilling hours data in CU for the northwest side location, data gathered from CIMIS Station
Blackwells Corner #54, for the months November-February in 2011 and 2013-2015.

3.1.2 Soils
The parental material of Kern County soils was alluvium. Depending on the
location, the runoff came from different origins (Sierra Nevada Range or Coast Range)
forming alluvial fans and plains. The source of alluvial fan and plain materials in the west
side came from the run off of the Coast Range. On the other hand, the origin of alluvial
fans and plains in the east side subarea came from Sierra Nevada runoff. This led to
formation of three of soil orders (Aridisols, Mollisols, and Entisols).
In the both of the east zones (NE, SE) of Kern County, Aridisols, Mollisols, and
Entisols were the predominant soil orders found. In the west zone (NW, NE), the
predominant soils were Aridisols and Entisols (Figure 14). Meanwhile, in NW zone’s
alluvial terraces, bordering San Luis Obispo County, the Vertisols type of soil order
dominated.
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Figure 14. Soil order map for Kern County, CA. Kern County division classified by the USDA-NRCS soil survey. Data
excerpted from USDA-NRCS 2018 using ArcGis 10.5.1 (ESRI,2017).

Fields are located in the northwestern part of Kern County where the majority of
the soils order were Aridisol and Entisol (Figure 15).
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Figure 15. Soil order map for Northwestern part of Kern County, CA. Data excepted from USDA-NRCS 2018 using
ArcGis 10.5.1 (ESRI,2017).

In contrast, fields in the east side location of the NW zone contained 44% Entisol
and 56% Aridisol. However, the west side location, where the majority of the fields in
this study were located had mostly Aridisols. The northwest side sub-area fields had more
land with Entisols (82%) than with Aridisols (18%) (Table 6).
Table 6. Fields locations and soil orders in percentage of the total area of each of the three locations in Kern County
North Western part, CA.

Location
East Side
West side
Northwest Side

Number of
Fields
78
97
10

Soil Order
Entisol
Aridisol
44%
56%
25%
75%
82%
18%
Total
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Area (acres)
10193.01
12545.32
1320.22
24058.55

For the purposes of this study, soil data were obtained from the Natural Resources
Conservation Service (Soil Survey Geographic Database (SSURGO)). This database
contains 130 variables and is divided by geographic sub basins. In studying soil-water
relationships, the variable used in this study was available water storage 0-100 cm (AWS
0-100 cm). Soil depth of 0-100 cm was examined, due to the fact that most of almond
roots are found within this depth. The AWS 0-100 cm was measured in cm/m and has a
weighted average (Figure 16).

Figure 16. Field sites analyzed (east, west and northwest side) and CIMIS stations used location. In addition, Available
water storage for a depth of 100 cm data in cm/m, in Northwestern part of Kern County, CA. Data excepted from
USDA-NRCS 2018 using ArcGis 10.5.1 (ESRI,2017).
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3.2 Evapotranspiration (ET)
Remote sensing of ET in this study was made using ITRC-METRIC (Mapping
Evapotranspiration at High Resolution with Internal Calibration) method using the
modified version by Irrigation Training and Research Center (ITRC 2017). This method
measured the actual ET. For calculating the ET with METRIC, two types of inputs were
gathered from actual ground conditions: a thermal image gathered from a satellite, and
ground based weather data.
The ITRC modified this method to have more precision with respect to California
weather conditions compared to METRIC. The ITRC used high resolution images
produced by LandSAT 8’s hand ground-based data from CIMIS stations closest to each
field.
The ITRC-METRIC used high resolution images in which a pixel covered an area
of 30 m x 30 m to calculate the ET of this area. The number of pixels analyzed varied
depending on the size of the field. For each field, ET data of each pixel was used.
LanSAT 8 took an image every 16 days, and in each month, measuring actual ET
of each field based on an average of the pixel ET. With these data, a statistical analysis
was produced, including average ET, standard deviation, range, and maximum and
minimum data of each field. In addition, monthly data from April to October for each of
the years of the study was added to calculate annual ET. Annual ET of each field was
used for the functional regression models that will be discussed in Data Collection and
Analysis (Chapter 3.6).
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3.3 Coefficient of Variation of Evapotranspiration (CV)
Each field had its own mean ET, standard deviation ET, minimum ET, maximum
ET, and range ET. The ET mean was used for calculating the ET in each month.
However, because of the variability of ET data in each field, the study required that the
coefficient of variation of ET was calculated monthly (April-October). To calculate
coefficient of variation in each month the Equation [4] was used.
[4]
𝐶𝑉 =


∗ 100%


Where
CV: Coefficient of variation expressed in percentage
: Mean of the field
: Standard deviation of the field
A weighted average was calculated for each of the months used to calculate
yearly ET for calculating the coefficient of variation in a year. This was essential because
the amount of ET in each month was not the same. For example, the highest ET values
were always in July. Equation [5] was used to calculate the CV weighted average.
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[5]
CVw= ∑ (Cvi*

ETi
)
ETtotal

Where:
Cvw: Weighted average for a year of CV
CVi: Coefficient of Variation of each month
ETi: represent ET of each month
ETtotal: represent yearly ET
3.4 Tree Age
Almonds start producing two years after planting date, and are considered young
trees after the second dormancy. Between the second and the fourth dormant period
pruning techniques help develop the architecture of an almond tree (Krueger and
Freeman 1996). Once the architecture has developed, an almond tree is considered a
mature tree. For each of the years in this study (2011 and 2013-2015) the planting date
was used to calculate tree age. Fields with trees aged two years or below were not used in
the study.
3.5 Yield
Yield data were collected in each field. Data considered almond meat or almond
kernel, which is almond that has been processed and does not have the hull and the shell.
After collecting the data, yield was estimated using Equation [6]

49

[6]
𝑌𝑖𝑒𝑙𝑑 =

𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎

Where:
Yield: Pounds of almond kernel per acre in a year.
Total production: Data in pounds of almond kernel in a year.
Total Area: Data in acres.
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3.6. Data Collection & Analysis
Data were collected, from 185 fields in California’s Kern County. Total
production data were gathered from each field for the years 2011, 2013-2015. Then,
using yield equation (Equation 6), yield per acre was estimated.
Evapotranspiration of each field was conducted using ITRC-METRIC (Mapping
TM

of Evapotranspiration with Internal Calibration), with data extracted using Arc GIS
10.5.1 (ESRI, 2017). The Arc GIS tool used was Spatial Analyst tool. The boundary of
each field was made with Arc GIS 10.5.1 (ESRI, 2017). After the boundary was made, a
raster file containing the ET of Kern County was synchronized (Figure 17).

Figure 17. Annual ET measured by ITRC-METRIC (inches) in 2011 for Field sites analyzed (east, west and northwest
side) and CIMIS stations used. Data extracted from ITRC-METRIC using Arcgis 10.5.1 (ESRI,2017).
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Evapotranspiration was extracted with a resolution of 30 m x 30 m, and these data
were calculated for each field. Each field had its own identification number. These data
were then extracted to MS-Excel, which was used to organize the data (Microsoft, 2015).
This process was calculated for each month from April to October during the years 2011
and 2013-2015.
The coefficient of variation (CV) of ET was also calculated monthly using
Equation 4 (April to October) for the period of time evaluated. This was accomplished
with data extracted from Arc GIS 10.5.1 and then calculating it using MS-Excel (ESRI,
2017; Microsoft, 2015). Afterward, Equations [6] was used to calculate a coefficient of
variation per year for each of the 185 fields in each of the 4 years of the study.
To describe and compare the effect of evapotranspiration on almond production in
California--particularly during the drought (2013-2015) --three functional regression
models were used. Model 1 described the statistical relationship between almond yield
and ET, with ET as an explanatory variable and yield as a response variable. This model
analyzed 185 field sites during the 4 years of the study having a total of 740 data points.
Model 2 described the statistical relationship between almond yield and ET after
adjusting for year, location, cumulative chilling hours and precipitation. The variables
that adjusted Model 2 are environmental variables that effected each field depending on
its location. These variables also differed depending on the year evaluated. In particular
in this study, Model 2 was used to describe year-to-year variations between a wet year
(2011) and years with drought conditions (2013-2015).
Model 3 described the statistical relationship between almond yield and
evapotranspiration after adjusting for location, tree age, soil available water storage and
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coefficient of variation (CV) of ET. The variables that adjust Model 3 vary in each field
except location. Location itself is a categorical variable. Model 3 was used to describe
within-year variations during the study’s four years; each year of the study was evaluated
separately.
A correlation and regression analysis were used for each of the three models and
regression function and the correlation coefficient R2 were calculated. A least square
mean difference student’s t test was utilized to determine difference in mean yield for
each year and each location. Statistical software JMP 13.2 Software was employed to run
this analysis for the three models and p <0.05 was the threshold to decide if each variable
would be included or not in each model (JMP, 2016).
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4. RESULTS & DISCUSSION
4.1 Model 1
Model 1 showed no linear association between almond yield per acre (y axis) and
evapotranspiration (x axis) (Figure 18) with an R2 of 7.9%. Although the equation for
Model 1 would indicate a positive linear association between ET and almond yield, the
low R2 showed that the model did not fit the data and; therefore, ET did not explain the
variability of almond yield. Previously, Doorenbos and Kassam (1979) described a linear
association between yield and evapotranspiration in almonds. However, their model
could not often simulate field conditions, because these conditions have inherent
variability (Igbadun et al. 2007) and so cannot be considered accurate.
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Figure 18. Almond yield as a function of annual evapotranspiration in California’s Central Valley (Kern County) for
the months April-October in 2011 and 2013-2015 (n=185).
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The mean square response was 2314.02 pounds of almonds per acre (Table 7).
This was the average yield during the 4 years of the study. The low R 2 means that ET
explains only 7.9% of the total variation in almond yield; therefore, there was 92.1%
unexplained variability. Also notable, the r coefficient of correlation was 0.28.
Table 7. Model 1 summary of fit of Almond yield as a function of annual evapotranspiration in California’s Central
Valley (Kern County) for the months April-October in 2011 and 2013-2015 (n=185).

Summary of Fit Model 1
RSquare
RSquare Adj
r Coefficient of Correlation

Parameter
0.079
0.077
0.281

Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

774.721
2314.021
734

Studies on almonds have been done within a range of environments and
considering a variety of cultivars. Usually these studies use different deficit irrigation
techniques to lower the amount of actual evapotranspiration of the cultivar.
Steduto et al. (2012) in FAO published studies with correlation coefficients
ranging from 0.87 to 0.98; thus, showing a strong association between evapotranspiration
and almond yield. However, the results from Model 1 showed a low correlation
coefficient (0.28). Furthermore, Goldhamer and Fereres (2017a) reported a high R2
(98.8%) compared with the low R2 (7.9%) of Model 1. Data of Goldhamer and Fereres
(2017a) and previous studies were all done in California, and done before 2012;
therefore, they did not assume drought conditions. In addition, the fields were relatively
close to each other in their study; thus, sharing similar climatic conditions.
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Doll and Shackel (2015) described that during drought conditions almond trees
suffer from stress and yield is reduced. The physiological aspect of the decrease in yield
is that during drought conditions, the trees close their stomata to avoid water loss. This
closure of the stomata prevents carbon dioxide to enter the leaves. Therefore,
photosynthesis is reduced and growth rate is slowed down (Shackel 1996).
In Model 1, the ET regression coefficient was 44.35 (Table 8), indicating that a
change in 1 inch in ET will increase the average almond yield by 44.35 pounds per acre.
The p value for ET was less than 0.0001, indicating that evapotranspiration helped
explain the variability in almond yield. However, the R2 of the model is close to 0,
showing that the model was inaccurate.
Table 8. Model 1 parameter estimates of Almond yield (lbs/acre) as a function of annual evapotranspiration (inches) in
California’s Central Valley (Kern County) for the months April-October in 2011 and 2013-2015 (n=185). Alpha
level=0.05.

Term
Intercept
Apr-Oct ET (in)

Estimate
702.326
44.354

Std Error
205.895
5.611

t Ratio
3.411
7.904

Prob>|t|
0.001*
0.000*

Abbreviation and symbols: * = P < 0.05

It can be suggested that this high unexplained variability in yield (92.1%) was due
to the differences in climate condition during the years of the study. Data from this study
was field data collected from productive almond farms in Kern County during one wet
year (2011) and 3 drought years (2013-2015). Drought conditions reduced the amount of
water that the orchards received, as well as increasing the ET rate.
Water stress on almond trees can occur under hot and dry conditions even if soil
moisture content is high (Shackel 1996). Micke (1996) reported that the optimal
temperature for a leaf to photosynthesize is 65-105°F. During summer in Kern County,
daytime temperatures can exceed 105°F; thus, reducing photosynthesis.
56

By introducing “year” as a variable, the unexplained variability of almond yield
should decrease, because the effects of drought years and a wet year could be taken into
account--and the outcome of the regression model could possibly produce results closer
to those reported by Goldhamer and Fereres (2017a) (R 98.8%).
2
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4.2 Model 2: Year to Year Variation
Year was introduced as an explanatory variable in Model 2. The introduction of
year to the model caused the R2 to increase by 50.9% (Table 9) from 7.9% (Model 1) to
58.8%. The unexplained almond yield variability decreased from 92.1% to 41.2%. The
later percentage indicated the variable “year” had a positive impact on explaining almond
yield variability.
Climate conditions in each of the years of the study were different. Variables such
as ET rate, precipitation and chilling hours changed from year to year. It was expected for
Model 2 that R2 would increase due to incorporation of these conditions in the model.
Due to the fact of different climate conditions in each of the years of the study, the
outcome of average yield was different depending on which year was analyzed.
Table 9. Model 2 summary of fit of Almond yield as a function of annual evapotranspiration after adjusting for year in
California’s Central Valley (Kern County) for the months April-October in 2011 and 2013-2015 (n=185).

Summary of Fit of Model 2
RSquare
RSquare Adj

Parameter
0.588
0.586

r correlation coeficcient
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.766
518.66
2314.02
734

Average almond yield throughout the state of California progressively declined in
each of the years of the study (USDA-NASS 2018) (Table 10). It can be suggested that
the decrease in yield was due to climatic changes, and in this specific case to drought
conditions. Richman and Leslie (2015) described the latest drought period (2011-2015) as
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unique. The wet season (October-March) had <25th percentile of precipitation and >75th
percentile in average temperature (with data collected since 1895).
AghaKouchak et al. (2014) reported the extreme daily maximum temperature for
2014: During January, it exceeded the mean by 90%. Therefore, evaporation from the soil
increased and soil moisture content was reduced--even though almonds do not use water
during this period of time, because they are in a dormant stage. In addition, this increase
in maximum daily temperature can shorten the dormant period; therefore, chilling
requirements would not be satisfied (Luedeling et al. 2012). This would consequently
lengthen and delay flower formation and would produce problems such as bud drop and
fruit set (Erez 2000). Table 10 shows average almond yield (lbs/acre) for the years
Table 10. Average almond yield (lbs/acre) for the years 2011, 2013-2015 in all the state of California. (Adapted from
USDA/NASS, Pacific Regional Office 2018).

Year
2011
2013
2014
2015

Mean yield (lbs/acre)
2540.00
2360.00
2150.00
2070.00

Comparing yield data from this study (Table 11) to the average yield for the entire
state of California (Table 10), the trends were similar showing a yield decrease through
the years of the study.
The highest average almond yield was in 2011 (3229.09 lbs/acre) and the lowest
was in 2015 (1786.78 lbs/acre) (Table 11). During drought years (2013-2015), yield was
progressively reduced compared to a wet year (2011). Between 2011 and 2013, average
almond yield significantly decreased (approximately 1000 lbs/acre) (Table 11).
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Goldhamer and Smith (1995) found lower average yield in a drought condition
year in mature orchards in Fresno County (1476 lbs/acre) compare to our study in Kern
County. Irrigation scheduling was based in ET with drip irrigation. However, in the same
study in a normal year, the average yield was 2437 lbs/acre. Therefore, the maximum
relative yield was lower than our study (3229.09 lbs/acre to 2437lbs/acre).
Girona (2006) found an average yield of 1566 lbs/acre. His study was made in a
mature almond orchard in Spain. The irrigation system was micro sprinkler and irrigation
scheduling was based on ET. The yield found by Girona was lower compared to our
study during drought condition year (1786lbs/acre-2397 lbs/acre). Both Goldhamer and
Smith (1995) and Girona (2006) studies were develop during the early 90’s (Goldhamer
and Smith from 1989 to 1991; Girona from 1990-1993).
On the other hand, Sanden et al. (2012) found an average yield of 4000 lbs/acre in
Kern County. Their study was made in Kern County during the years 2008-2011. These
years are considered non-drought conditions year. Comparing Sanden et al. (2012) yield
to our yield in a wet year (2011), it can be observed that their average yield was higher
(4000 lbs/acre to 3229.09 lbs/acre).
Table 11. Average almond yield (lbs/acre) for the years 2011, 2013-2015 in California’s Central Valley (Kern County)
(n=185). Alpha level =0.05.

Level
2011
2013
2014
2015

Letter report*
A
B
C
C

Mean Yield (lbs/acre)
3229.0931
2397.1735
1833.0381
1786.7800

*Different letter explains statistical difference.

The parameter estimates for Model 2 showed which of the variables in the model
contributed to explaining the variability of almond yield (Table 12). Except for year
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2013, which had a p value of 0.092, all the other variables were below p< 0.05 and;
therefore, helped explain the variability of almond yield.
The variable year 2013 did not have an effect on average yield showed in Model
1. In other words, there was no statistical difference between average yield of year 2013
to the average yield of Model 1 (Table 7).
Model 2 suggested that additional variables, such as precipitation, location and
chilling hours would help explain almond yield variability.
Table 12. Model 2 parameter estimates of fit of almond yield (lbs/acre) as a function of annual evapotranspiration
(inches) after adjusting for year in California’s Central Valley (Kern County) for the months April-October in 2011 and
2013-2015 (n=185). Alpha level=0.05.

Term
Intercept
Apr-Oct ET (in)
Year[2011]
Year[2013]
Year[2014]

Estimate
718.58
43.83
911.61

Std Error
148.79
4.06
33.07

t Ratio
4.83
10.79
27.56

Prob>|t|
<0.0001*
<0.0001*
<0.0001*

56.18
-577.69

33.30
34.43

1.69
-16.77

0.0920
<0.0001*

Abbreviation and symbols: * = P < 0.05

4.2.1 Location
Fields were classified according to their location in Kern County and the distance
to the closest CIMIS station. In Figure 19, a trend regarding almond yield can be
observed for each location during the years of the study. Comparing the trend for each
location to overall average almond yield in Table 12 led to considering the introduction
of additional explanatory variables to decrease unexplained variability of almond yield in
Model 2, so that variable “Year 2013” would also fall below p<0.05.
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Location

Almond yield (lbs/acre)

East Side
5000
4500
4000
3500
3000
2500
2000
1500
1000
500

North West Side

R²: 0.365

R²: 0.580

West Side
5000
4500
4000
3500
3000
2500
2000
1500
1000
500

R²: 0.537

Almond Yield (lbs/acre)

2011

2013

2014

2015

2011
2013
2014
2015
Year
as a function
of year
and(lbs/acre)
geographic area in California’s Central Valley (Kern
Almond
yield

Figure 19. Almond yield (lbs/acre)
County) for the years 2011, 2013-2015(n=185).

4.2.1.1 East Side
Average almond yield did not have a significant difference between years 2011
and 2013 (Table 13). Clearly, these results did not support the theory regarding lower
yields during drought conditions. However, there was a significant decrease in yield
between 2011 and 2013 compared to 2014. Year 2015 had the lowest average yield
(1709.46 lbs/acre) (Table 13).
The decrease in precipitation between 2011 and 2013 was 75% for the east side
(Figure 8). However, there was no statistical difference between average yield during
these same years. Cumulative chilling hours (CU), did not have an abrupt change
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(decrease in 5% from 2011 to 2013) (Figure 12). Additional explanatory variables for the
east side were needed to support the theory of lower yield during drought conditions year.
Table 13. Average almond yield (lbs/acre) for the years 2011, 2013-2015 in east side location of Kern County, CA (n=97).
Alpha level =0.05.

Level

Letter report*
2011 A
2013 A
2014
2015

B
C

Mean Yield
(lbs/Acre)
2716.4257
2596.4294
2080.3368
1709.4676

*Different letter explains statistical difference

4.2.1.2 West Side
There was significant difference observed in average almond yield during each of
the 4 years of the study in the west side location (Table 14). The highest yield was in
2011 with an average yield of 3610 lbs/acre; the lowest average yield was in 2014 with
1657 lbs/acre. There was also a considerable difference between the highest and lowest
average yield (approximately 2000 lbs/acre). Also, there was a significant difference in
average yield between 2011 and 2013 of approximately 1300 lbs/acre.
The trend in the west side led us to suggest that the decrease in almond yield was
due to drought conditions (Table 14). The low precipitation during 2013-2015 (compared
to 2011) could have led to poor soil moisture content (Figure 9) --reduction in
precipitation during 2011 to 2013 was almost 80%. Notably, the lowest average yield
year (2014) matched the lowest precipitation (1.06 inches) during the years of the study
(2014).
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Table 14. Average almond yield (lbs/acre) for the years 2011, 2013-2015 in west side location of Kern County, CA
(n=78). Alpha level =0.05.

Level

Letter report*
2011 A
2013
2015
2014

B
C
D

Mean Yield
(lbs/acre)
3610.6143
2313.4318
1880.3246
1657.7769

*Different letter explains statistical difference

4.2.1.3 North West Side
There was a significant difference in average almond yield between a wet year
(2011) and drought years (2013-2015) on the northwest side of Kern County (Table 15).
There was no statistical difference between average almond yield during drought
condition years (2013-2015). The difference in average yield between the wet year and
drought condition years was approximately 2100 lbs/acre.
Northwest side precipitation for year 2011 was the lowest when it was compared
to west and east side fields (Figure 11). However, this location’s average almond yield
during 2011 was not the lowest one of the three. There are marked similarities between
the precipitation trend and average almond yield trend for the northwest side: During
drought conditions years (2013-2015) the average yield did not have a statistical
difference. The precipitation in the same period also did not change (i.e., was less that
4%).
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Table 15. Average almond yield (lbs/acre) for the years 2011, 2013-2015 in north west side location of Kern County, CA
(n=10) Alpha level =0.05.

Level

Letter report*
2011 A
2013
2014
2015

B
B
B

Mean Yield
(lbs/acre)
3527.1441
1695.123
1653.601
1466.9721

*Different letter explains statistical difference

4.2.2 Chilling hours and Precipitation
Cumulative chilling hours and precipitation differed in each of the three locations
(Figures 8-13). After introducing chilling hours and precipitation as explanatory variables
into Model 2, the R2 increased from 58.8% to 62.6% (Table 16), thus reducing the
unexplained almond yield variability.
Table 16. Summary of fit estimates of Almond yield as a function of annual evapotranspiration after adjusting for year,
location, precipitation and chilling hours in California’s Central Valley (Kern County) for the months April-October in
2011 and 2013-2015 (n=185).

Summary of Fit Model 2
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

Parameter
0.626
0.622
496.12
2314.02
734

After introducing precipitation, chilling hours and location into Model 2, the
parameter estimates showed that each of these new variables helped explain the yield
variability (Table 17). The p value for 2013, without additional climatic variables
(precipitation and chilling hours) and locations, was 0.092. However, with the additional
variables the p value was <0.05.
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The 37.4% unexplained yield variability in Model 2 suggests that additional
factors were affecting the variability of the almond yield. These factors could be
environmental or due to agricultural practices. It was assumed that year 2011 was a wet
year because of the high precipitation before April (Figures 8-10), and that the years 2013
to 2015 were drought years due to low precipitation (Figures 8-10). The parameter
estimates of Model 2 cannot be compared to other studies due to its high unexplained
variability (R2=62.4%).
Table 17. Parameter estimates for Model 2 of almond yield (lbs/acre) as a function of annual evapotranspiration (inches)
after adjusting for year, location, precipitation (inches) and chilling hours (CU) in California’s Central Valley (Kern
County) for the months April-October in 2011 and 2013-2015 (n=185). Alpha level =0.05.

Term
Intercept
Apr-Oct ET (in)
Cumulative Chilling Hours

Estimate
499.816
49.478
0.853

Std Error
371.72
4.165
0.311

t Ratio
1.34
11.88
2.74

Prob>|t|
0.1792
<0.0001*
0.0063*

Precipitation
Location[East Side]
Location[North West Side]
Location[West Side]

-257.299
311.883
-445.347
133.464

43.781
55.902
59.099
47.318

-5.88
5.58
-7.54
2.82

<0.0001*
<0.0001*
<0.0001*
0.0049*

Year[2011]
Year[2013]
Year[2014]
Year[2015]

2244.209
-439.939
-1301.933
-502.337

237.14
86.606
120.47
85.134

9.46
-5.08
-10.81
-5.90

<0.0001*
<0.0001*
<0.0001*
<0.0001*

Abbreviation and symbols: * = P < 0.05

Focusing on precipitation, it can be suggested that the decrease in average yield
was because of this variable. Esparza et al. (2001) found that precipitation or irrigation
after harvesting and before blooming (October- March) had an impact on yield. During
approximately the same period, Griffin and Anchukaitis (2014) found that due to drought
conditions, soil moisture in California was below average for the years 2012-2014
(November-April).
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Vegetative growth developed from dormant meristems usually begins in late
February or early March; this process is completed when full leaf expansion is achieved.
This physiological growth process is essential because shoots and leaves are required for
fruit position and as a carbohydrate reserve for future yields (Doll 2017). During this
vegetative growth process almond trees begin using water that was stored in the soil, and
during the winter usually the almond trees grow stress free due to adequate soil moisture
conditions. If the soil does not have the optimal soil moisture content, vegetative growth
will be negatively impacted; thus, a reduction of yield would be expected (Rafael Socias i
Company and Gradziel 2017).
Precipitation during the months in which the cultivar is dormant helps increase the
soil moisture content until field capacity, but also reduces salinity levels due to salt
leaching. If precipitation does not fill the soil to the point of saturation, salt leaching due
to deep percolation is not achieved. Doll (2014) recommended leaching salts during the
dormant season or when the ET of almond trees is low.
During the study, a vast majority of the fields analyzed were made up of Aridisol
soils. This soil order is often characterized as saline soil (Dregne 1976). With the
reduction of precipitation, and with less water available due to drought conditions, salt
accumulation would be expected.
The amount of cumulative (winter) chilling hours did not show a high variability
during the years of the study. Indeed, drought conditions did not affect the number of
cumulative chilling hours, even though during these years, the mean daily temperature
during the winter was high (Richman and Leslie 2015).
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Egea et al. (2003) reported different chilling requirements for different almond
cultivars. The variability reported by Egea et al. (2003) ranged from 266-966 CU for the
10 cultivars analyzed.
Comparing chilling units measured during the years of this study (2011 and 20132015) to those reported by Egea et al. (2003), chilling requirements were fulfilled in all
three (east, west and northwest) locations. Ostensibly, per results of Egea et al. (2003),
cumulative chilling hours could be excluded from Model 2. However, cumulative chilling
hours helped explain the variability in the model with a p<0.05 (Table 17).
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4.3 Model 3: Within-Year Variation
Model 3 described the variations in almond yield between fields--within the same
year, for each of the years of the study. The association between yield per acre and
evapotranspiration is shown in Figure 20 for each of the years of the study. The R2 in
each year was low compared to different studies reported by Goldhamer et al. (2012) (R2
93.2% to 98.9%).
The highest R2 in this study was in 2015, with an R2 of 26.5%. The high
variability could be attributed to the different location of each field, different soil
available water storage and/or coefficient of variation of ET. In summary, additional
predictor variables were needed to help explain almond yield variability.
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Year

Almond yield (lbs/acre)

2011

2013

5000 Y = 1050 + 59.74*X
4500 R²: 0.139
4000
3500
3000
2500
2000
1500
1000
500
2014
5000 Y = 925.4 + 23.52*X
4500 R²: 0.042
4000
3500
3000
2500
2000
1500
1000
500

Y = 954 + 39*X
R²: 0.121

2015
Y = 121.6 + 50.06*X
R²: 0.265

10 15 20 25 30 35 40 45 50
10 15 20 25 30 35 40 45 50
Apr-Oct Evapotranspiration (in)
Almond yield (lbs/acre)
Figure 20. Almond yield as a function of annual evapotranspiration and year in California’s Central Valley (Kern
County) for the months April-October in 2011 and 2013-2015 (n=185).

4.3.1 Explanatory Variables
Chilling hours and precipitation were not included as explanatory variables in
Model 3. This was done because fields in the same location would have had the same
precipitation and chilling hours. It was assumed that introducing location in Model 3
would help reduce the unexplained variability of almond yield.

70

4.3.1.1 Tree age
Figure 21 shows the association between almond yield and tree age within the
years 2011, 2013-2015. The R2 in each year showed the association between almond
yield and tree age. These results led to introducing tree age as a variable into Model 3 for
the purpose of reducing the unexplained variability in almond yield.
In 2011, all of the almond trees evaluated in the study were above 8 years of age
(Figure 21). Because the same fields were evaluated during the study’s subsequent years,
all trees considered in the study were adults (>4 years) and had full canopy cover.
Therefore, evapotranspiration and yield were not affected by trees that had not reached
the mature stage.
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Year

Almond yield (lbs/acre)

2011

5000
4500
4000
3500
3000
2500
2000
1500
1000
500
0

R² (East Side): 0.24
R² (North West Side): 0.21
R² (West Side): 0.20

5000
4500
4000
3500
3000
2500
2000
1500
1000
500
0

R² (East Side): 0.44
R² (North West Side): 0.16
R² (West Side): 0.18

2013
R² (East Side): 0.29
R² (North West Side): 0.24
R² (West Side): 0.11

2014

6

8

2015
R² (East Side): 0.62
R² (North West Side): 0.32
R² (West Side): 0.23

10 12 14 16 18 20 22 24 26 28 6 8 10 12 14 16 18 20 22 24 26 28
Tree age (years)
Location

East Side

North West Side

West Side

Figure 21. Almond yield as a function of tree age and year in three locations of Kern County, CA for the years 2011
and 2013-2015 (n=185).

Krueger and Freeman (1996) stated that almond trees reach maturity stage after
between 10 and 15 years of growth, depending on the cultivar. By the time trees reach
this stage, they become less vigorous and yield is reduced. Pruning techniques to
invigorate trees are recommended. Usually these practices are done when the trees are 9
to 10 years old.
On the other hand, Micke et al. (1991) reported that pruning techniques will not
improve vigor or yield, and other management practices should be considered if an
orchard’s yield is decreasing. Krueger and Yeager (1998) concluded that yield will not
decrease due to the lack of fruitwood renewal or pruning practices. And Arquero and
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Jarvis-Shean (2017) describe pruning as an important practice for other reasons, but not
to maintain yield. Thus, although pruning techniques are a practice commonly used on
almond farms, it was beyond the scope of this study to evaluate the effect of pruning
techniques in yield. From studies cited above, it can be suggested; however, that the
negative association between tree age and yield could be due to tree maturity and not due
to management practices.
Figure 22 show the association between evapotranspiration and tree age. In each
location, ET and tree age did not show any type of association (R 2<10%).

Year
2011

50
45

2013

R² (East Side): 0.00
R² (North West Side): 0.01
R² (West Side): 0.01

R² (East Side): 0.02
R² (North West Side): 0.07
R² (West Side): 0.01

40

Apr-Oct Evapotranspiration (in)

35
30
25
20
15
10
50
45

2014

2015

R² (East Side): 0.02
R² (North West Side): 0.04
R² (West Side): 0.00

R² (East Side): 0.00
R² (North West Side): 0.01
R² (West Side): 0.00

40
35
30
25
20
15
10
8

9

10

11

12

13

Location

14

15

16
8
9
Tree age (years)

East Side

North West Side

10

11

12

13

14

15

16

West Side

Figure 22. Evapotranspiration as a function of tree age and year in three locations of Kern County, CA for the years
2011 and 2013-2015 (n=185).
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Arquero and Jarvis-Shean (2017) define a mature tree as a tree that has
completely established its architecture or has full canopy. This usually happens after the
third or fourth dormant season. Therefore, evapotranspiration was not affected by the age
of the trees in the study because the youngest tree was 8 years old (in year 2011).
Allen and Pereira (2009) found that the amount of canopy cover influenced the
evapotranspiration. They define that when full canopy cover has been reached, the rate of
phenological growth depends on plant genotype than on weather conditions; therefore,
photosynthesis rate and evapotranspiration rate will be similar. Given Allen’s results, in
the Kern county study, the lack of association between evapotranspiration and tree age
was expected.
4.3.1.2 Soil Available Water Storage (AWS)
Soil available water storage was evaluated as an explanatory variable to help
explain the variability of almond yield in Model 3. The association between almond yield
and soil AWS had a markedly low R2 for each year, leading to the conclusion that soil
AWS would not reduce the unexplained variability of almond yield. Soil AWS did not
change during the years the study was conducted--thus, it was a fixed value for every
year of the study.
As stated in the literature review, almond roots can reach to a depth of 3 meters
(Alonso 2017). However, 75% or more of the roots are found in the upper 0.7- 1.0 meters
(Catlin 1996). Goldhamer (1996) reported an allowable depletion of water (AD) of 3040% in shallow clayed soils under hot and windy conditions as the maximum allowable
depletion before almond yield would be affected. In mild weather, with a deep-rooted
crop and sandy soil could tolerate 70-80% AD before yield was affected. In California,
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farmers usually use a maximum allowable depletion (MAD) of 50% as a parameter for
irrigation scheduling (Goldhamer 1996).
Year

Almond yield (lbs/acre)

2011

5000
4500
4000
3500
3000
2500
2000
1500
1000
500

R² (East Side): 0.09
R² (North West Side): 0.12
R² (West Side): 0.03

5000
4500
4000
3500
3000
2500
2000
1500
1000
500

R² (East Side): 0.13
R² (North West Side): 0.28
R² (West Side): 0.00

2013
R² (East Side): 0.00
R² (North West Side): 0.10
R² (West Side): 0.01

2014

8

9

10

11

2015
R² (East Side): 0.07
R² (North West Side): 0.07
R² (West Side): 0.04

12
Location

13

14

15

East Side

16
8
9
Soil AWS (cm/m)
North West Side

10

11

12

13

14

15

16

West Side

Figure 23. Almond yield as a function of soil available water storage and year in three locations of Kern County, CA
for the years 2011 and 2013-2015 (n=185).

Considering the AWS and MAD, the smallest soil AWS within the entire
evaluated field was (8.4 cm/m or 3.3inch/ 3 ft), and with the smallest MAD (30%)
reported in Chapter 2, the available water would be 1 inch/ft. Even in this scenario, the
soil moisture depletion would give farmers high flexibility during irrigation scheduling:
depending on the climate conditions. For example, the maximum ET for a day could
range from 0.25 inches to 0.3 inches. It can be assumed this high flexibility is the reason
why no association between soil AWS and yield was observed.
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Evapotranspiration and soil AWS were modeled for the years 2011, 2013-2015,
with no association observed between these variables. The R2 in each year and location
was <10% (Figure 24).
Year
2011

Apr-Oct Evapotranspiration (in)
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40
35
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20
15
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2013

R² (East Side): 0.00
R² (North West Side): 0.01
R² (West Side): 0.01

R² (East Side): 0.02
R² (North West Side): 0.07
R² (West Side): 0.01

2014

2015

R² (East Side): 0.02
R² (North West Side): 0.04
R² (West Side): 0.00

8

9

10

11

R² (East Side): 0.00
R² (North West Side): 0.01
R² (West Side): 0.00

12

13

Location

14

15

16
8
9
Soil AWS (cm/m)

East Side

North West Side

10

11

12

13

14

15

16

West Side

Figure 24. Evapotranspiration as a function of soil available water storage and year in three locations of Kern County,
CA for the years 2011 and 2013-2015 (n=185).

During drought conditions, positive association between evapotranspiration and
soil AWS was expected to have. High soil AWS stores more water in winter--usually a
time of higher precipitation-- which can be used in subsequent months; therefore,
reducing water stress on almonds trees.
Most likely, in this study low precipitation during drought conditions years (20132015) caused soil moisture content to be low. Compounding this scenario, as Richman
and Leslie (2015) described, the >75th percentile in average winter temperature (since
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1895) led to high water loss due to evaporation from the soil, potentially promoting water
stress and salt built up (Doll 2014).
In 2015, despite 3 years of drought conditions, there was no association between
evapotranspiration and soil AWS: it is possible that this is because farmers
usually irrigate until the soil reaches field capacity--the highest amount of plant available
water--. After the first irrigation, farmers irrigate according the needs of the orchard
(Schulbach and Schwankl 1996).
Soil AWS was excluded from Model 3 due to low R2, and the lack of evidence
just discussed. In Appendix B, Model 3 did include soil AWS during each year of the
study for the purpose of showing that R2 increased for each year was negligible. (R2
adjusted: difference <2%).
4.3.1.3 Coefficient of Variation (CV) of Evapotranspiration
There was a low association between yield and CV of ET in each of the years of
the study, 2011, and 2013-2015 (Figure 25). The R2 values were relatively low (<10%)
for the years 2011, 2013 and 2014. In 2015 the R2 was highest compared to the other
years; however, still less than 20%.
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Year

Almond yield (lbs/acre)

2011

5000
4500
4000
3500
3000
2500
2000
1500
1000
500

R² (East Side): 0.00
R² (North West Side): 0.02
R² (West Side): 0.03

5000
4500
4000
3500
3000
2500
2000
1500
1000
500

R² (East Side): 0.02
R² (North West Side): 0.02
R² (West Side): 0.01

2013
R² (East Side): 0.02
R² (North West Side): 0.00
R² (West Side): 0.18

2014

2015
R² (East Side): 0.07
R² (North West Side): 0.17
R² (West Side): 0.13

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Coefficient of Variation of ET
Location

East Side

North West Side

West Side

Figure 25. Almond yield as a function of coefficient of variation of evapotranspiration and year in three locations of
Kern County, CA for the years 2011 and 2013-2015 (n=185).

Howes and Gaudi (2012) found that irrigation uniformity had a significant effect
on ET uniformity. Therefore, it can be assumed that CV of ET is a way of measuring
irrigation uniformity in a field.
It is possible that higher CV of ET values from this study’s Kern county sites
were due to poor distribution uniformity (DU) of the applied water. On the other hand, it
is possible that lower CV of ET values were due to high DU of the applied water.
However, other environmental and agronomic factors such as soil type, pruning
techniques, tree age, diseases and fertilization could also be responsible for reducing ET
uniformity.

78

Fields observed during the study were in actual income-producing almond
orchards that make up a key part of the local economy, rather than experimental sites
with controlled conditions. These farms cannot afford to utilize poor agronomic practices
that could reduce yield. Thus, it can be assumed that each field had adequate management
practices reducing the possibility of low ET uniformity.
In 2008, using the same variables, Montazar and Sadeghi (2008) found a positive
association between DU of the applied water and yield in their study on alfalfa. Their
study used sprinkler irrigation as the irrigation system. In another study, Santos (1996)
found a positive association between distribution uniformity of the applied water and
tomato yield watered with drip irrigation.
According to the previous studies noted above, (Howes and Gaudi 2012;
Montazar and Sadeghi 2008), it can be assumed that the CV of ET and DU have a strong
association and; therefore, a discernible impact on yield.
In this study in Kern County, it was expected to find a negative association
between yield and CV of ET. There was, however, no association between yield and CV
of ET in the three locations. This led to the decision not to introduce this variable into
Model 3 (Figure 26).
In addition, an association between ET and CV of ET was expected. Using the
same approach as before, where CV of ET and DU are related, a high R2 was expected.
The west side R2 was relatively constant each year of the study (53%-59%). There was,
however, a variation in the R2 in the east and northwest side locations.
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Year
2011

Apr-Oct Evapotranspiration (in)

50
45
40
35
30
25
20
15
10
50
45
40
35
30
25
20
15
10

2013

R² (East Side): 0.70
R² (North West Side): 0.54
R² (West Side): 0.53

R² (East Side): 0.31
R² (North West Side): 0.80
R² (West Side): 0.55

2014

2015

R² (East Side): 0.65
R² (North West Side): 0.82
R² (West Side): 0.55

R² (East Side): 0.36
R² (North West Side): 0.89
R² (West Side): 0.59

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Coefficient of Variation of ET
Location

East Side

North West Side

West Side

Figure 26. Evapotranspiration as a function of coefficient of variation of evapotranspiration and year in three
locations of Kern County, CA for the years 2011 and 2013-2015 (n=185).

Jimenez and Ortega (2010) found that high DU was related to high ET. This study
was done on onions with a sprinkler type irrigation system. Howes and Gaudi (2012)
found that DU had an influence of 55% of ET non-uniformity, and emphasized that
irrigation non-uniformity lead to lower soil moisture content and negatively affected the
potential evapotranspiration.
In the study in Kern County, it was expected that CV of ET would reduce the
unexplained variability in the model. However, after introducing CV of ET in Model 3,
the R2 adjusted did not significantly increase (<2%). Furthermore, it was expected that
CV of ET would be an indicator of DU of water applied, and hence explain the variability
of yield. However, R2 values did not show this.
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Clearly, software or data processing could be another factor affecting CV of
evapotranspiration. The resolution in LandSAT (30 m x 30 m) could be a factor affecting
ET variability; if, for example, resolution were higher, it would lead to lower CV of ET.
Appendix B shows the summary of fit when CV of ET was introduced to Model 3 in each
of the years of the study.

4.3.2 Year 2011
Model 3 for year 2011, showed the R2 increased from 13.9% to 60.4% when tree
age and location were introduced as explanatory variables. Year 2011 had the highest R2
and the highest mean response of yield compared to the rest of the years of the study
(Table 18). In addition 2011, was considered a wet year, due to high precipitation in each
of the locations of the study.
López-López et al. (2018) found an R2 of 78%, for almond yield as a function of
evapotranspiration. They use is a logarithmic model, compared to the simple linear model
made in this study. During their experiment, the precipitation was approximately 30% of
total ET. However, the year with maximum yield was the year with the lowest
precipitation (16% of total ET) as well. Their R2 was not that distant from the ones found
in this study (R2 of 60.4%). However, in Model 3, additional variables caused an increase
in the R2.
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Table 18. Model 3 summary of fit for year 2011 of almond yield as a function of annual evapotranspiration in California’s
Central Valley after adjusting for tree year and location (Kern County) for the months April-October in 2011 (n=185).

Summary Fit model for year 2011

Parameter

RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.604
0.595
410.786
3229.093
185

Table 19 showcases which specific variable helped explain the variability of the
model. With the exception of the northwest side location, which has a p value of 0.0767,
all the other variables helped explain the model (p< 0.05), and; therefore, helped explain
the variability of almond yield. It should be noted that the northwest side had the lowest
precipitation in 2011 compared to the east and west side locations (Figures 8-10). Based
on these data, it could be possible that below average precipitation in a wet year could be
the reason for the high p value (p>0.05).
According to Esparza et al. (2001), high precipitation has a positive impact on
almond yield. However, in our study in Kern County, the regression coefficient for the
east side was negative: this translated to lower yield on the east side as compared to west
and northwest locations (Table 19). Thus, it could not be suggested that precipitation was
the reason for having the lowest yields in the east side in 2011.
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Table 19. Model 3 parameter estimates for year 2011 of almond yield (lbs/acre) as a function of annual
evapotranspiration (inches) in California’s Central Valley after adjusting for tree year and location (Kern County) for
the months April-October in 2011 (n=185). Alpha level = 0.05.

Term

Estimate

Std Error

t Ratio

Prob>|t|

Intercept
2011 Apr-Oct ET (in)
2011 Tree Age
Location[East Side]

2735.900
38.757
-61.538
-479.004

322.588
8.014
9.097
58.345

8.48
4.84
-6.76
-8.21

<.0001*
<.0001*
<.0001*
<.0001*

Location[North West Side]
Location[West Side]

163.931
315.073

92.067
54.025

1.78
5.83

0.0767
<.0001*

Abbreviation and symbols: * = P < 0.05

In this study, the regression coefficient for tree age was found to be negative. It
was expected that tree age had a negative coefficient regression for the reasons
previously described (5.3.1.1 Tree age). The study’s youngest tree in year 2011 was 8
years of age, and the average of tree age was 14.5 years. According to Kreuger and
Freeman (1996), tree yield would be expected to decrease after 15 years of growth.
The year 2011 had the highest precipitation among the years covered by this study
in Kern county: Rainfall that year was also greater than the historical average, and so it
was considered a wet year. In addition, 2011 had the highest R2 (60.4%) compared to the
rest of the years. However, in this same year, there was 39.6% unexplained almond yield
variability. This could possibly be reduced if additional variables were added to Model 3.
The result found for 2011 in Kern county were compared with other studies.
Goldhamer and Fereres (2017) found a relationship between almond yield and water
applied. The R2 in their study was (97.9%), which was much higher than in our study in
Kern County. However, the model proposed by them was a third order polynomial
expression. Also, they found a high year-to-year variation in average yield (<2600
lbs/acre to 4000 lbs/acre); however, they concluded that this variation was due to another
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factor they analyzed--fruit load--which was beyond the scope of the study in Kern
County.
In another study, Sanden et al. (2012) did not find a relationship between almond
yield and ET in their California Central Valley study. The yearly ET ranged from 49 to
62 inches, which was data found by measuring soil moisture depletion. Their study was
carried out during non-drought conditions (2008-2011)
The 2011 had the highest yield--and maximum relative yield--of all years
considered in this study. It can be suggested that the almond orchards did not experience
stress due to drought conditions in 2011, due to the fact that precipitation during the
period of October through March (Figures 8-10) was high that year, compared to the
years 2013-2015.
4.3.3 Year 2013
Model 3 for 2013 reported an R2 of 49.7% (Table 20). The R2 increased from
12.1% to 49.7% when tree age and location were introduced to Model 3. Year 2013 had
the lowest R2 compared to each of the years of the study. Still, while it’s average yield
was below that of 2011, it was higher than that of 2014 or 2015.
It should be considered that 2013 was a drought condition year due to its low
precipitation in each location of the study (Figures 8-10).
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Table 20. Model 3 summary of fit for year 2013 of almond yield as a function of annual evapotranspiration in California’s
Central Valley after adjusting for tree year and location (Kern County) for the months April-October in 2013 (n=183).

Summary of fit year 2013

Parameter

RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.497
0.486
399.709
2397.173
183

Table 21 showcases the impact of each variable in the model. P values below 0.05
showed if the given explanatory variables explained almond yield variability. However,
the overall Model 3 for 2013 had a low R2 (49%). Thus, the data did not fit the model.
In 2013, the west side had a p value of 0.176; hence, location did not explain
almond yield variability in Model 3. The west side also had the lowest precipitation--but
not lowest almond yield, compared to the other locations in this study (Figures 8-10).
Therefore, it could not be suggested that precipitation had an effect on almond yield
variability in the west side.
Lobell et al. (2007) found an R2 of 80% for a model in which January
precipitation and almond yield were the variables in California. In that study, historical
data from 1980-2003 were used. However, these were not drought condition years--in
contrast with year 2013. Therefore, it could not be suggested, in the study in Kern
County, that precipitation was the major factor affecting the unexplained variability of
almond yield in the west side.
USDA-NASS (2013) forecasted a decrease in almond yield due to cold
temperature during the winter of 2013. However, the cumulative chilling hours were
quite similar for each of the locations (ranged from 925-1093 CU) (Figure 11-13). Thus,
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it was not possible that cumulative chilling hours explained the difference in average
almond yield between east and northwest sides.
Table 21. Model 3 parameter estimates for year 2013 of almond yield (lbs/acre) as a function of annual
evapotranspiration (inches) in California’s Central Valley after adjusting for tree year and location (Kern County) for
the months April-October in 2013 (n=183) Alpha level =0.05.

Term
Intercept
2013 Tree Age
2013 Apr-Oct ET (in)
Location[East Side]
Location[North West Side]
Location[West Side]

Estimate
1043.679
-49.887
52.548
540.400
-611.626
71.226

Std Error
329.903
9.291
6.607
57.342
88.794
52.510

t Ratio
3.16
-5.37
7.95
9.42
-6.89
1.36

Prob>|t|
0.0018*
<.0001*
<.0001*
<.0001*
<.0001*
0.1767

Abbreviation and symbols: * = P < 0.05

In 2013, the northwest side had the highest evapotranspiration compared to each
of the other locations (east and west side). It is possible that high evapotranspiration and
low precipitation led to salt accumulation in the soil; therefore, a negative impact on
almond yield would be expected. Nightingale et al. (1991) found an increase from 4.74
dS/m to 5.7 dS/m in soil salinity when only 50% of the ET requirement was applied in an
almond orchard after four years. The irrigation water in Nightingale et al. (1991) study
was 1.5 dS/m. This study was made in California’s San Joaquin Valley.
Doll (2014) stated that salt accumulation becomes more severe during drought
conditions in the Central Valley, because farmers usually use more groundwater that
contains a higher salinity compared to surface water during drought years (Doll 2014).
Moreover, Mass and Hoffman (1977) reported a decrease in yield when the salinity in the
root zone was beyond 1.5 dS/m.
In 2013, the east side had the highest regression coefficient for ET among the
three locations. In addition, year 2013 had the highest precipitation, and the lowest
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evapotranspiration. It is possible that the amount of salt accumulation in the east side was
lower than the other two locations (west side and northwest side) due to the latter two
factors, which may explain the highest regression coefficient for ET.

4.3.4 Year 2014
Model 3 for 2014 showed R2 increased from 4% to 53.8% when tree age and
location were introduced as explanatory variables to adjust evapotranspiration to explain
almond yield variability (Table 22). Also, there was 46.2% unexplained variation of
almond yield in this model. The average almond yield for 2014 was lower than in 2011
and 2013 (mean response 1833 lbs/acre).
According to Griffin and Anchukaitis (2014), the drought conditions that occurred
between 2012 and 2014--below‐average soil moisture, low precipitation and high daily
temperature during the cold season--were not uncommon. Nevertheless, they stated that
this drought was the most severe in the last 1200 years.
To this end, Griffin and Anchukaitis (2014) stated further that 2014 had the
lowest accumulated soil moisture during the period of time of 2012-2014. Meanwhile,
AghaKouchak et al. (2014)reported that in all of California, 2014 had the highest mean
temperature during November-April of the last 118 years--with, for example, a daily
temperature increase of 59% during a January heatwave in the Central Valley town of
Bakersfield.
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Table 22. Model 3 summary of fit for year 2014 of almond yield as a function of annual evapotranspiration in California’s
Central Valley after adjusting for tree year and location (Kern County) for the months April-October in 2014 (n=183).

Summary of fit year 2014

Parameter

RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.538
0.527
320.233
1833.038
183

Table 23 showcases the impact of each explanatory variable in Model 3. P values
below 0.05 showed that each predictor variable helped explain the almond yield
variability of Model 3. All of the variables had p< 0.05 and; therefore, helped reduce the
unexplained variability in almond yield in Model 3.
Table 23. Model 3 parameter estimates for year 2014 of almond yield (lbs/acre) as a function of annual
evapotranspiration (inches) in California’s Central Valley after adjusting for tree year and location (Kern County) for
the months April-October in 2014 (n=183). Alpha level = 0.05.

Term
Intercept
2014 Apr-Oct ET (in)
2014 Tree Age

Estimate
1850.196
29.536
-69.483

Std Error
295.392
6.170
7.267

t Ratio
6.26
4.79
-9.56

Prob>|t|
<.0001*
<.0001*
<.0001*

Location[East Side]
Location[North West Side]
Location[West Side]

337.571
-195.750
-141.821

45.355
72.463
42.491

7.44
-2.70
-3.34

<.0001*
0.0076*
0.0010*

Abbreviation and symbols: * = P < 0.05

The regression coefficient for ET was 29.56: this was the lowest regression
coefficient during the years of the study (Table 23). The precipitation in 2014 was the
lowest, among all years studied, in each location. Therefore, it is possible that a low
regression coefficient is a symptom of water stress.
Torrecillas et al. (1996) and Dejong (1996) defined stomatal closure as beneficial
in water stress conditions because it prevents water loss from almond trees. However,
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they stated, stomatal closure also reduces the photosynthesis rate because CO uptake is
2

reduced. Therefore, it can be concluded that the relationship between growth
development and yield is affected.
In the present study in Kern County, the east side had the highest regression
coefficient in 2014 and also the lowest average ET compared to other locations (west and
northwest sides). It can be suggested that low salt accumulation due to lower
evapotranspiration was the reason for a high regression coefficient for the east side. This
result resembles the result found in 2013 for the east side.
A decrease in the regression coefficient for tree age as trees grew older was
expected. And indeed, tree age had a lower regression coefficient in 2014 compared to
2013. As previously stated (Figures 8-10), 2014 had the most severe drought conditions
(lowest precipitation among years analyzed). And as asserted in a related report by
Shackel (1996), stress conditions were detrimental to mature almond orchards because
mature trees must have sufficient growth development to maintain active fruiting wood.
4.3.5 Year 2015
Model 3 for 2015 reported an increase in R2 from 26.5% to 53.2% when tree age
and location were introduced as explanatory variables that adjusted ET to explain almond
yield variability (Table 24). The 2015 average yield was the lowest (mean response
1786.78 lbs/acre) among all the years in this study, most likely because precipitation was
below average. Thus, 2015 was considered a drought conditions year.
After analyzing the last drought (2011 -2015) in California, Richman and Leslie
(2015) concluded that drought conditions can no longer be defined solely by a lack of
precipitation: rather, warm temperatures during the cold season must also be considered.
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These higher temperatures cause greater evaporation rates during the cool season, which
enhances drought conditions.
Table 24. Model 3 summary of fit for year 2015 of almond yield as a function of annual evapotranspiration in California’s
Central Valley after adjusting for tree year and location (Kern County) for the months April-October in 2015 (n=183).

Summary of fit 2015
RSquare
RSquare Adj

Parameter
0.532
0.522

Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

379.296
1786.780
183

Table 25 showcases the impact of each variable in Model 3 for 2015. P values
below 0.05 means that a given variable did help explain almond yield variability (Table
25). Each explanatory variable used in Model 3 helped explicate almond yield variability.
Ultimately, 46.8% of unexplained variability of almond yield in Model 3 remained for
year 2015.
Comparing the regression coefficient for tree age for each of the years of the
study, 2015 had the highest value. In addition, the average tree age for that year was 18.5
years. Therefore, it is possible that mature trees, as well as stress due to drought
conditions mentioned above, both had a detrimental effect on almond yield.
In 2015, following 3 years of drought conditions, the lowest average yield in this
study was reported. This finding had to be tempered; however, by the research of Spinelli
et al. (2016), which showed that after long period of water stress, almond trees promote
leaf senescence which lead to leaf-area reduction and thereby avoided a total stomatal
closure in order to maintain a constant photosynthesis rate.
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Table 25. Model 3 summary of fit for year 2015 of almond yield (lbs/acre) as a function of annual evapotranspiration
(inches) in California’s Central Valley after adjusting for tree year and location (Kern County) for the months AprilOctober in 2015 (n=183). Alpha = 0.05.

Term

Estimate

Std Error

t Ratio

Prob>|t|

Intercept
2015 Tree Age
2015 Apr-Oct ET (in)
Location[East Side]

1889.961
-79.185
36.482
169.382

346.028
9.635
6.283
58.345

5.46
-8.22
5.81
2.90

<.0001*
<.0001*
<.0001*
0.0042*

Location[North West Side]
Location[West Side]

-342.005
172.623

88.463
49.960

-3.87
3.46

0.0002*
0.0007*

Abbreviation and symbols: * = P < 0.05

In Model 3 for 2015 the northwest side had a negative regression coefficient. This
location also had the highest evapotranspiration in each of the years of the study. It is
possible that high ET and drought conditions could have led to salt accumulation in the
soil (Doll 2014). Due to the lack of precipitation and increased water prices during
drought condition, it is also possible that farmers did not use water for leaching salts.
It can be suggested that during drought conditions, the Model 3 had a worse fit
(2011 showed R2>60%; 2013-2015 showed R2<54%). This means that it had more
unexplained variability of almond yield during drought years. It can be suggested that the
unexplained variability of almond yield could be due to agricultural practices or to low
photosynthesis rate due to a stomatal closure caused by water stress.
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5. SUMMARY AND CONCLUSION
5.1 Contributions of your work to the field
Three functional regression models were used to evaluate and then describe the
effect of evapotranspiration on almond yield during a wet year (2011) and drought
condition years (2013-2015). Model 1 described the relationship between
evapotranspiration and almond yield. Model 2 described year-to-year variation in which
the parameters--location, precipitation and chilling hours--were used to adjust the effect
of ET on almond yield. Model 3 described within-the-year variation in which the
variables--tree year, soil available water storage, and coefficient of evapotranspiration-were used to adjust the effect of evapotranspiration on almonds yield.
Model 1 showed a high unexplained variability on almond yield (R2= 7.9%). It
can be suggested that this high unexplained variability was due to different environmental
conditions among the four different years of the study. It was defined 2011 as a wet year,
and 2013-2015 as drought years. The equation proposed by Model 1; however, did not fit
the data; therefore, the regression coefficients were not considered accurate.
Model 2 described the year-to-year variation in almond yield. In this study there
were also two types of years considered: a wet year and year with drought conditions.
The effect of drought conditions on yield was observed. Almond yield decreased from
2011 to 2015; however, these variables--location, precipitation and chilling hours-- could
only explain 62.4% of yield variability. Therefore, it cannot be suggested that the
evaluated variables could be the exclusive reason for this decrease.
Model 3 results showed that the R2 (60.4%) in the year 2011 was higher than in
the years (2013-2015) with drought conditions (R2<54%) --i.e., the predictor variables of
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the model fit better in a wet year compared to a year with drought conditions. Coefficient
of variation of evapotranspiration and soil available water storage were analyzed
separately, as potential variables to be used in Model 3. However, ultimately, they were
not introduced into Model 3 due to the low increase in R2 in each year (<2%).
Because the R2 value in each model was relatively low (R263%), the data
suggested that some additional factors could help further explain the almond yield
variability. Excluding environmental factors (such as close proximity of fields to each
other), it is possible that additional variables--for example, agronomic practices such as
fertilization plans, pest management or orchard management--could be the reason for this
high unexplained variability. However, a multi-field evaluation using data from a largescale almond-producing farm is needed to accurately describe the effect of these factors.
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5.2 Limitation/Strengths and weakness of your work
The most important limitation of this study was that it was not an experiment.
Therefore, the results of the study represented field observations but in the long term any
conclusion can be made. Nevertheless, this research did describe the effect of drought on
almond production in Kern County during the years of the study.
Another weakness was that the models used in the study did not predict or
describe the relationship between almond yield and evapotranspiration due to low R2
(<60%). This led to a high unexplained yield variability. Because of this high
unexplained variability, recommendations to farmers about how to avoid a decrease in
yield cannot yet be made.
An important strength of the study came after adjusting Model 3, for the variables
of tree age and location, to improve the description of yield variation. After doing so, it
could be suggested that between fields, the high variability in yield means that some of
the fields studied were under better management practices than others. That is to say that
fields with the evapotranspiration value could have either a low or a high yield depending
on means of cultivation. An important output of this study was that fields can be
identified, then observed for which practices help to produce a greater yield. Perhaps
most significantly, Model 3 results showed that there is room for improvement in almond
yield even under existing drought conditions.
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5.3 Future Work
This study focusing on almond production in the California Central Valley
opened essential unanswered questions about drought conditions and their effect on yield.
Answers to these questions require further research not only on the past climate
conditions but on current ones as well.
To begin with, during the years of this study, the unexplained yield variability
was very high, so much research remains to be done to explain that variability, in order to
reduce it. To this end, considering additional variables to Model 3 would be important. In
particular, the type of irrigation system used in almond orchards is one variable that could
affect not only yield, but also evapotranspiration. Using irrigation systems as a variable
could lead to reducing the unexplained variability of almond yield.
It is also important to conduct further research for the years subsequent to those in
this study, to observe any within-year variations in yield, and if Model 2 results for these
subsequent years still show the same amount of unexplained variation (37.6%) as in this
study. Further research should also analyze data from year 2016--still considered a
drought year, and 2017, which was not. It would be important to observe if almond yield
improved during these years, or followed the same trend--a decrease--observed during the
drought years of 2014 and 2015.
Finally, this study was carried out in Kern County. It is recommended that further
studies be conducted in different locations in the Central Valley, to observe if almond
yield data from those areas resembles data from the same years in this study.
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APPENDICES
A. Definition
AWS: Available water storage
CV: Coefficient of Variation
ET: Evapotranspiration
ETc: Crop evapotranspiration
ETo: Evapotranspiration of reference crop
ITRC: Irrigation Training and Research Center
Kc: Crop coefficient
Ks: is an adjustment for transpiration reduction, based on limited root zone moisture
Ke: is an adjustment for increased evaporation from the wet soil or plant surface
Kcb: is the basal crop coefficient (no stress, dry soil surface)
METRIC: Mapping of Evapotranspiration with Internal Calibration
SEBAL: Surface Energy Balance Algorithm for Land
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B. Within year statistics
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C. Residuals plots for year to year variation
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